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a  general  account  of  what  is  already  known  on  this  subject  would  appear 
to  be  of  value  at  the  present  time. 

Many  of  the  methods  employed  to  demonstrate  enzymes  and  vitamins 
in  cells  involve  the  fixation  of  the  cell  by  various  means  and  the  use  of 
chemical  reactions  at  very  micro  levels.  It  is  difficult  to  be  sure,  therefore, 
that  the  final  result  obtained  represents  the  e.xact  location  of  the  enzyme 
or  the  vitamin  in  the  living  cell.  Most  workers  on  this  subject  are  aware  of 
these  difficulties,  however,  and  take  steps  to  minimize  them. 

Although  this  lack  of  certainty  does  not  mean  that  all  the  described 
localizations  are  incorrect,  it  does  mean  that  for  the  time  being  claims  for 
intracellular  distribution  of  these  substances  should  be  treated  with  caution. 

II.  Enzymes 

1.  Oxidative  and  Respiratory  Enzymes 

a.  Cytochrome  Oxidase.  As  long  ago  as  1885  Ehrlich^  showed  that  if  he 
injected  p-phenylenediamine  and  cc-naphthol  into  animals  he  could  observe 
a  macroscopical  bluing  of  certain  organs,  which  he  claimed  was  due  to 
oxidative  processes.  He  did  not  make  microscopical  examinations  of  his 
tissues.  Winckler^  was  the  first  to  do  this  in  his  studies  on  blood,  and 
Schultze*  was  the  first  person  to  apply  the  technique  to  histological  sections. 
The  enzyme  responsible  for  the  development  of  the  blue  reaction  from  the 
p-phenylenediamine  and  a-naphthol  (Nadi  reagent)  has  been  described  as 
“indophenol  oxidase”  or  **Nadi  oxidase.”  The  blue  reaction  so  formed  is 
due  to  the  oxidative  formation  of  an  indophenol  when  aminodimethylana- 
line  is  used  with  the  a-naphthol  or  to  the  formation  of  a  diimine  when 
phenylenediamine  is  used.  It  is  probable  that  there  is  considerable  diffusion 
of  the  colored  substance  in  the  cell  during  and  after  its  formation,  which 
makes  the  precise  location  of  the  enzyme  responsible  a  matter  of  some 
doubt.  It  is  now  fairly  certain  that  the  enzyme  responsible  for  this  reaction 
is,  in  fact,  “cytochrome  oxidase.”^  It  is  probably  also  identical  with  War¬ 
burg’s  “respiratory  ferment.”  Although  much  of  this  early  work  on  cyto¬ 
chrome  oxidase  was  carried  out  by  means  of  the  color  reactions  mentioned 
above,  Keilin^-  7  had  been  studying  the  occurrence  of  cytochrome  first  in 
insect  wing  muscles  and  later  in  a  variety  of  other  cells  by  the  process  of 
histospectroscopy  and  had  found  that  in  the  living  cell  it  was  being  con¬ 
tinually  oxidized  and  reduced.  His  experiments  then  suggested  that  the 

1  P.  Ehrlich,  Das  Sauerstoffl)ee(iiirfniss  der  Organismen,  Berlin,  1885. 

*  W.  Winckler,  Folia  Haematol.  3,  323  (1907). 

^  J.  Schultze,  Munch,  med.  Wochschr.  66,  167  (1909). 

^  D.  Keilin  and  E.  F.  Ilartree,  Proc.  Roy.  Soc.  {London)  B  126,  171  (1938). 

9D.  Keilin,  Proc.  Roy.  Soc.  {London)  B  98,  313  (1925). 

6  Keilin,  Proc.  Roy.  Soc.  {London)  B  110,  129  (1926). 

7  D.  Keilin,  Proc.  Roy.  Soc.  {London)  B  104  ,  206  (1929). 
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enzyme  responsible  for  the  oxidation  of  reduced  cytochrome  might  be 
“indophenol  oxidase.”  As  mentioned  above,  Keilin  and  Hartree'*  in  1938 
confirmed  that  this  enzyme  was  identical  with  cytochrome  oxidase.  Further 
observations  on  the  intracellular  localization  of  cytochrome  oxidase  and 
other  respiratory  enzymes  will  be  given  later  in  this  chapter.  Lison®  has 
stated  that  the  Nadi  reaction  is  of  interest  in  hematology  because  the 
progressive  development  of  blood  cells  in  the  marrow  runs  parallel  with  the 
increase  in  number  of  indophenol  blue  granules.  Although  the  development 
of  a  b'ue  color  has  been  regarded  for  some  time  as  being  due  to  “oxida.se” 
activity,  there  is  evidence  that  it  may  really  be  due  to  the  presence  of  fatty 
acid  peroxides  in  the  granules  giving  the  reaction. 

Two  other  enzymes  concerned  directly  with  respiration  in  the  cell  have 
also  been  demonstrated  hi.stochemically.  These  are  aldolase  (Allen  and 
Bourne®)  and  succinic  dehydrogenase  (Rutenberg,  Gof stein,  and  Selig- 
man'®). 

b.  Aldolase.  The  Alien  and  Bourne  technique  depended  upon  the  follow¬ 
ing  reactions:  (1)  Aldolase  catalyzed  the  formation  of  triose  phosphate  from 


hexose  diphosphate.  (2)  The  pho.sphate  was  liberated  from  the  triose  phos¬ 
phate  in  the  presence  of  hydroxyl  ions.  (3)  The  phosphate  was  precipitated 
as  magnesium  ammonium  phosphate  which  was  rendered  visible  with  cobalt 
chloride  and  ammonium  sulfide  as  in  the  Gomori  phosphatase  reaction.  The 
rapid  breakdown  of  triose  phosphate  as  it  was  formed  was  prevented  by 
the  presence  of  iodoacetate,  and  possible  interference  by  alkaline  phos¬ 
phatase  in  the  reaction  was  prevented  by  the  addition  of  fluoride.  A  con¬ 
siderable  positive  reaction  was  obtained  with  skeletal  muscle,  smooth  mus¬ 
cle,  and  heart  muscle  and  with  liver.  All  positive  cells  showed  the  reaction 
to  be  diffused  throughout  the  cytoplasm.  These  results  may  be  of  signifi- 

carice  from  the  point  of  view  of  the  mechanism  of  respiration  of  the  cell 
and  will  be  referred  to  again  later. 

c.  Succmic  Dehydrogenase.  If  fre.sh  tissue  is  incubated  in  a  suitably 
uffered  succinate  substrate  in  the  presence  of  ditetrazolium  chloride  or 
other  tetrazo,ium  salt,  the  latter  accepts  the  hydrogen  split  from  the  suc- 

so'uble^snh  f  ye'>0"'-colored  water- 

.uble  substance  into  a  water-insoluble  blue  diformazan  pigment  which  is 

precipitated  at  the  site  of  action  of  the  enzyme  (see  Rutenberg  el  al  ■«)  The 

eaetion  appears  to  be  localized  in  the  cytoplasm  of  a  variety  of  cells  (e  g 

kidney,  liver  muscle;  see  plate  I)  and  is  present  mainly  as  granules  in  the 

cytoplasm.  There  does  not  appear  to  be  a  reaction  in  the  nucTeus  t 

preparations  of  skeletal  muscle  the  granular  distribution  of  enzymes 

I  R  Gauthier-Villars,  Paris  (19.f6) 

..  f  M  n  T  T''  y-  Exptl.  Biol.  20.  62  (1943). 

.  Rutenberg,  R.  Gofstein,  and  A  M  Selio-min  n  o 
(1951).  ■  ■  ^®“Snian,  Cancer  Research  10,  113 
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is  very  similar  to  that  of  sarcosomes,  which  are  modified  mitochondria. 
The  reaction  in  the  published  photographs  of  Seligman  and  Rutenberg’s 
preparations  also  resembles  mitochondria.  This  may,  in  fact,  be  the  case, 
since  extracted  mitochondria  have  been  shown  to  contain  most  of  the 
succinic  dehydrogenase  activity  of  the  cell.  Malaty  and  Bournei^  have  also 
found  that  the  sarcosomes  of  skeletal  and  heart  muscle  give  a  strong  posi¬ 
tive  reaction  for  succinic  dehydrogenase.  This  is  in  keeping  with  the  find¬ 
ing  of  similar  activity  in  sarcosomes  isolated  by  centrifugation  from  muscle 
homogenates.  Malaty  and  Bourne  also  found  it  difficult  to  get  any  results 
with  this  method  in  animals  which  had  been  anesthetized  with  chloroform, 
ether,  or  phenobarbitones.  The  best  result  was  obtained  with  the  tissues  of 
animals  which  had  been  killed  by  a  blow  on  the  head. 

d.  Peroxidases.  Peroxidases  were  first  demonstrated  by  Adler  and  Adler^^ 
using  benzidine,  and  Kreibich^^  was  the  first  to  apply  the  reaction  histo¬ 
logically.  It  has  since  had  a  wide  application  in  hematological  studies 
because  the  granules  of  the  polymorph  leucocytes  give  a  positive  reaction. 
This  enzyme  is  also  present  in  the  mammary  gland.  The  distribution  of 
peroxidase  in  the  eggs  in  Ascidians  and  in  certain  invertebrate  eggs 
(Ries^'*'  and  Reverberi  and  Pitotti^®)  is  mainly  in  the  cytoplasm. 

e.  Dopa  Oxidase.  Another  oxidative  enzyme  which  has  been  demon¬ 
strated  histochemically  is  dopa  oxidase.  This  was  first  described  by  Bloch^^ 
in  the  skin  of  mammals.  He  found  that,  after  a  time,  fixed  frozen  sections 
of  skin  treated  with  dopa  (dioxyphenylalanine)  showed  a  dark  color  in 
many  of  the  basal  cells.  The  cells  which  were  particularly  active  in  this 
respect  are  those  which  have  been  called  dendritic  cells.  Bloch  believed 
that  only  those  cells  which  he  called  melanoblasts  (that  is,  those  capable  of 
producing  pigmentation),  and  not  melanophores  (cells  that  store  pigment), 
contained  the  enzyme.  Many  workers  now  believe  that  the  dendritic  cells 
are  the  only  cells  in  the  skin  which  form  pigment.  Bloch  and  his  co-workers 
believed  that  dopa,  a  precursor  of  melanin,  normally  circulated  in  the 
blood  and  that  the  melanoblasts,  by  virtue  of  the  enzyme  (dopa  oxidase) 
they  contained,  were  able  to  convert  it  into  melanin.  Dopa,  however,  is 
not  the  only  substrate  of  dopa  oxidase.  It  has  now  been  shown  that  hy- 
droxytyramine,  6-hydroxyphenylpyruvic  acid,  and  3 ,4-dihydroxyphenyl- 
pyruvic  acid  can  also  act  as  substrates.  According  to  Zimmermann  and 

“  A.  H.  Malaty  and  G.  H.  Bourne,  Nature,  171,  295  (1953). 

**  R.  Adler  and  O.  Adler,  Hoppe  Seyler’s  Zeit.  41,  38  (1906). 

W.  Kreibich,  Wien.  klin.  Wochschr.  23,  1443  (1910). 

H.  Ries,  Z.  Zellforsch.  u.  mikroskop.  Anat.  23,  63  (1945). 

H.  Ries,  Pubs.  staz.  zool.  Napoli  16,  363  (1937). 

**  G.  Reverberi  and  M.  Pitotti,  Pubs.  slaz.  zool.  Napoli  18  ,  250  (1940). 

Bloch,  B.,  in  Jadassohn,  Handbuch  der  Haut  und  Geschlechskrankheiten, 

Springer,  Berlin,  1927,  Vol.  I,  p.  434. 
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Cornbleet**  melanin  is  produced  by  dendritic  cells  which  are  derived  from 
the  neural  crest;  in  the  negro  skin,  these  cells  give  a  positive  dopa  oxidase 
reaction  from  the  third  month  of  fetal  life.  Subsequently  the  melanin  is 
transferred  to  the  cells  of  the  Malpighian  layer  of  the  dermis. 

The  dopa  reaction  has  also  been  studied  in  the  embryonic  eye.  Miescher,^® 
for  example,  found  that  in  the  eye  a  positive  dopa  reaction  began  to  appear 
in  the  pigment  epithelium  of  the  retina  at  the  end  of  the  third  day.  This  is 
just  the  time  pigment  formation  begins.  After  about  the  twentieth  day, 
when  the  fuh  load  of  pigment  had  been  produced  in  the  cells,  the  dopa 
reaction  became  negative.  Herrmann  and  Boss^°  found  an  association  of  the 
pigment  granules  of  the  ciliary  body  not  only  with  dopa  oxidase  but  also 
with  cytochrome  oxidase  and  succinic  dehydrogenase. 

The  papers  refer  mainly  to  the  localization  of  the  enzyme  in  various 
histological  or  embryological  regions;  only  a  few  papers  made  any  attempt 
to  describe  the  intracellular  localization  of  the  enzyme.  It  appears  to  be 
localized  mainly  in  the  cytoplasm  and  to  be  of  two  types,  granular  and 
diffuse,  usually  found  together.  There  is  some  doubt  about  the  dopa  oxidase 
reaction,  since  no  attempt  seems  to  have  been  made  to  ensure  that  the 
reaction  observed  is  due  entirely  to  enzyme  activity. 


2.  Hydrolytic  Enzymes 

a.  Phosphatases.  Gomori^'  in  Chicago  and  Takamatsu22  in  Japan  simul¬ 
taneously  published  identical  methods  for  demonstrating  alkaline  phos¬ 
phatase  m  tissues,  and  since  that  date  an  immense  amount  of  work  has  been 
carried  out  on  the  histo-  and  cytochemistry  of  this  enzyme.  The  method 
depends  upon  the  fact  that  the  enzyme  will  survive  fixation  of  the  tissue  in 
alcohol  or  m  acetone  and  that  it  will  also  survive  embedding  of  the  tissue 

Tillulrr  t"  l' ‘‘subsequent  mounting  on  a  slide  and  deparaffinization. 
Tissues  treated  in  this  way  are  then  incubated  in  a  mixture  of  sodium 

^-glycerophosphate  and  calcium  chloride  together  with  a  suitable  buffer 

calcium  phosphate  is  deposited  at  the  site  of  this  activity  m  t  ,he„ 

orsorbleTobTsr'whth''I'  ‘he  sections  with  a  solution 

phosphate.  Further  treatmen  '^^'-fv?™^  the  calcium  phosphate  to  cobalt 
cobalt  sulfide  which  is  easily  v^e. 

^  sr>' 
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to  the  precision  of  the  localization  of  the  enzyme,  as  there  seems  to  be  ample 
opportunity  for  both  the  enzyme  and  the  reaction  products  to  wander  from 
their  original  sites  during  the  various  manipulations.  There  is  certainly 
evidence  that  something  diffuses  (Martin  and  Jacoby-*),  and  various  sug¬ 
gestions  have  been  put  forward  as  to  what  this  substance  is.  Danielli^'’  has 
brought  forward  evidence  that  it  is  an  activator  of  the  enzyme  which 
diffuses,  and  Leduc  and  Dempsey^®  that  it  is  the  calcium  phosphate  which 
does  so.  Moe^®  has  shown  that  the  distril)ution  of  the  positive  phosphatase 
reaction  in  cells  depends  a  great  deal  on  the  time  of  incubation.  With  ex¬ 
tended  periods  of  incubation,  parts  of  the  cell  (e.g.,  brush  borders)  which 
at  an  earlier  stage  were  positive  may  become  negative.  Moe  states  that  this 
makes  it  very  difficult  to  decide  just  where  the  reaction  is  localized.  Doyle^^ 
has  discussed  a  variety  of  factors  which  influence  the  reliability  of  the  reac¬ 
tion,  and  so  has  Cleland.^* 

There  is  no  space  for  further  discussion  here,  but  this  problem  of  diffusion 
applies  to  all  histochemical  procedures,  whether  location  of  enzymes  or  loca¬ 
tion  of  other  substances.  Nevertheless,  with  regard  to  alkaline  phosphatase 
and  probably  many  other  enzymes,  results,  if  they  are  interpreted  at  all, 
should  be  interpreted  with  an  awareness  that  diffusion  may  and  probably 
does  occur.  A  fairly  detailed  account  of  the  intracerular  distribution  of  this 
enzyme  was  given  by  Bourne^®  in  1943,  but  in  the  light  of  more  recent 
developments  some  of  the  results  must  be  treated  with  reserve  Nevertheless, 
they  are  summarized  here  as  a  matter  of  interest.  As  might  be  expected, 
cells  of  different  organs  show  not  only  different  amounts  of  phosphatase 
activity  but  also  a  different  distribution.  In  the  alimentary  tract,  for 
example,  the  epithelial  cells  of  the  stomach  and  the  colon  appeared  to 
contain  practically  no  enzyme;  on  the  other  hand,  all  the  epithelial  cells 
of  the  small  intestine  and  the  rectum  contained  appreciable  amounts. 

In  the  small  intestine  the  brush  borders  of  the  cells  were  particularly 
rich  in  the  enzyme,  but  it  is  of  interest  that  it  was  the  outer  and  inner 
edges  of  the  border  which  were  positive,  and  the  center  portion  showed  very 
little  activity  (see  Moe’s  results). 

What  could  be  interpreted  as  amorphous  granule  5  of  enzyme  were  also 
distributed  through  the  cytop’asm  of  some  cells,  and  in  certain  cases  the 
enzyme  appeared  to  be  in  the  Golgi  region.  A  similar  association  of  alkaline 
phosphatase  with  the  Golgi  region  has  been  found  by  Bourne  (1943)^®  in 

B.  G.  Martin,  Biochim.  et  Biophys.  Acta  3,  117  (1949). 

2^  J.  F.  Danielli,  J.  Exptl.  Biol.  22,  110  (1946). 

E.  II.  Leduc  and  E.  W.  Dempsey,  J.  Anal.  85,  305  (1951). 

H.  Moe,  Anal.  Record  112,  217  (1952). 

2T  W.  L.  Doyle,  Intern.  Rev.  Cytol.  2,  (in  press)  (1953). 

28  K.  W.  Cleland,  Proc.  Linnaean  Soc.  N.S.  Wales  175,  35  (1948). 

29  G.  H.  Bourne,  Quart.  J.  Exptl.  Physiol.  32,  1  (1943). 
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the  cells  of  the  mantle  (which  secretes  the  shell)  of  certain  mollusks,  and 
in  intestinal  cells  by  other  authors. 

In  the  kidney  it  was  again  the  brush  border  which  reacted  most  strongly 
(particularly  in  the  cells  of  the  proximal  convoluted  tubules),  and  certain 
cells  in  the  placenta  also  contained  the  enzyme.  Bladder  and  urinary 
epithelium  gave  a  diffuse  reaction.  Lymphoid  tissue  also  showed  a  diffuse 
reaction,  and  over  most  of  the  body  the  capillary  endothelium  gave  a  uni¬ 
formly  positive  reaction  for  the  enzyme. 

The  nuclei  of  many  tissues  were  strongly  positive.  In  the  pituitary  gland, 
for  example,  two  types  of  nuclear  distribution  were  seen,  i.e.,  one  type  in 
which  the  nucleus  showed  uniformly  dark  diffuse  reaction,  and  a  second  in 
which  the  nucleus  appeared  to  contain  numerous  dark-staining  granules. 
Although  it  is  possible  that  this  difference  could  be  correlated  with  specific 
types  of  cell,  no  certain  e\’idence  of  this  has  been  obtained. 

A  positive  nuclear  reaction  Avhich  occurs  close  to  a  region  of  high  phos¬ 
phatase  activity  is  suspect  because  of  the  possibility  that  diffusion  phe¬ 
nomena  are  giving  a  spurious  reaction.  But  it  can  safely  be  said  that  some 
nuclei  probably  do  contain  alkaline  glycerophosphatase. 

In  their  recent  investigations  on  the  enzymes  of  iso'ated  cell  nuclei, 
Allfrey  and  his  colleagues®®  have  rightly  pointed  out  that  homogenates  of 
tissues  prepared  in  the  usual  way  with  aqueous  media  (e.g.,  citrate  or 
sucrose)  are  likely  to  result  either  in  extraction  of  enzymes  or  other  com¬ 
ponents  from  the  nuclei,  or  in  diffusion  of  substances  into  the  nuclei  from 
the  homogenate.  To  overcome  this  difficulty,  they  froze,  then  lyophilized, 
tissues.  They  ground  the  tissue  into  a  dry  powder  in  a  ball  mill  with  pe¬ 
troleum  ether  and  then  carried  out  a  series  of  sedimentations  and  flotations 
in  mixtures  of  cyclohexane  and  carbon  tetrachloride  of  different  specific 
gravities.  Nuclei  obtained  in  this  way  appeared  to  be  free  of  cytoplasmic 
contaminants  and  diffusion  artifacts,  and  their  enzymic  and  general  com¬ 
position  could  be  estimated  directly.  The  results  obtained  were  as  follows: 
crystalline  hemoglobin  was  obtained  from  the  nuclei  of  fowl  and  goose 
erythrocytes,  but  myoglobin  was  absent  from  heart  muscle  nuclei.  Eighty 
per  cent  of  the  arginase  activity  and  30%  of  the  catalase  activity  of  liver 
cells  was  found  to  be  in  the  nuclei.  There  appeared  to  be  no  significant 
quantities  of  amylase,  lipase,  uricase,  or  alkaline  glycerophosphatase,  but 
It  IS  still  possible  that  they  may  occur  in  the  nuclei  of  other  tissues.  Ar¬ 
ginase  activity,  high  in  mammalian  liver  and  fowl  kidney,  was  found  by  the 
authors  to  be  present  in  liver  nuclei  but  not  in  the  nuclei  of  the  kidney  cells 

SosDhateS  Tr  phosphatase,  adenosine- 

phosphatase,  the  nucleotide-specific  phosphatases,  and  iQ-glucuronidase 

appeared  to  occur  only  m  low  concentrations  in  nuclei.  Esterase,  on  the 

V.  Allfrey,  H.  Stern,  and  A.  E.  Mirsky,  Nature  169,  128  (1952). 
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other  hand,  appeared  to  be  present  in  all  the  nuclei  examined.  Enzymes 
such  as  adenosine  deaminase,  nucleoside  phosphorylase,  and  guanase  were 
present  in  high  proportion  in  many  nuclei. 

Nuclear  composition  appeared  to  vary  mth  the  age  and  the  physio¬ 
logical  state  of  the  cell.  In  particular,  there  was  a  difference  between  fe¬ 
tal  and  adult  tissues. 

The  fact  that  nuclei  do  contain  enzymes  likely  to  be  involved  in  nucleo¬ 
side  metabolism  (nucleoside  phosphorylase,  adenosine  deaminase,  and  gua¬ 
nase),  together  with  the  fact  that  nucleoside  phosphorylase  catalyzes  the 
formation  of  nicotinamide  ribosides,  leads  the  authors  to  point  out  the 
possible  role  of  the  nucleus  in  controlling  the  formation  of  di-  and  triphos- 
phopyridine  nucleotide  coenzymes. 

Vincent®^  has  also  shown  that  isolated  nucleoli  show  only  acid  phospha¬ 
tase  activity  despite  the  fact  that  they  often  give  a  strong  positive  reaction 
with  the  alkaline  phosphatase  technique. 

Phosphatase  is  known  always  to  be  present  when  bone  is  being  formed. 
It  is  not  surprising,  therefore,  that  osteoblasts  possess  high  phosphatase 
activity.  It  appears  to  be  present  in  both  nucleus  and  cytoplasm  and  to  be 
largely  diffused.  Phosphatase  also  appears  at  sites  of  absorption  (e.g.,  brush 
borders  of  kidney  tubule  cells  and  alimentary  tract  cells),  and  some  authors 
have  related  its  presence  there  to  glucose  absorption.  This  may  or  may 
not  be  so,  but  it  is  of  interest  to  note  that  wherever  transfer  of  solutes 
occurs,  in  invertebrates  as  well  as  in  vertebrates,  there  is  a  concentration  of 
phosphatase  at  the  transfer  surface.  This  is  found  also  in  the  placenta,  the 
cells  of  the  outer  border  of  the  syncytial  trophoblast  containing  the  enzyme 
in  the  human,  the  guinea  pig,  the  rat,  and  the  cat  placentae.  Phosphatase 
is  also  located  in  sites  which  suggest  that  it  plays  some  part  in  protein  and 
nucleic  acid  metabolism  (see  review  by  Bradfield®^). 

Dempsey  and  Deane^®  investigated  the  distribution  of  enzymes  capable 
of  splitting  ribosenucleic  acid,  adenylic  acid,  glucose- 1 -phosphate,  fructose 
diphosphate,  glycerophosphate,  and  lecithin  in  the  duodenum.  They  found 
that  maximal  activity  of  these  enzymes  occurred  at  different  pH’s  and 
suggested  that  this  was  evidence  that  they  were  actually  separate  enzymes. 
Histochemically  all  these  enzymes,  with  the  exception  of  lecithin  phospha¬ 
tase,  had  an  identical  distribution  in  the  brush  border  and  in  the  Golgi 
region.  They  pointed  out  that  the  localization  of  these  enzymes  near  the 
absorbing  borders  of  the  duodenal  cells  might  be  concerned  with  absorption 
of  nutrients.  For  e.xample,  glycerophosphate  is  concerned  in  both  breakdown 
and  resynthesis  of  neutral  fat  during  absorption,  and  glucose- 1 -phosphatase 
is  probably  concerned  in  carbohydrate  absorption.  The  known  presence  of 

W.  S.  Vincent,  Proc.  Nall.  Acad.  Sci.  U.S.  38,  139  (1952). 

**  J.  R.  G.  Bradfield,  Biol.  Revs.  Cambridge  Phil.  Soc.  26,  113  (1950). 

E.  W.  Dempsey  and  H.  W.  Deane,  J.  Cellular  Comp.  Physiol.  27,  159  (1946). 
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phospholipins  in  the  cell  membrane,  the  Golgi  zone,  and  the  nuclear  mem¬ 
brane  probably  explains  the  presence  in  these  sites  of  lecithin  phosphatase 
which  may  be  concerned  with  the  permeability  of  the  cell  membrane 
J^pig^34.  36. 36  series  of  papers,  established  the  existence  of  a  separate 

enzyme  that  splits  muscle  adenylic  acid  (5-nucleotidase),  and  Pearse  and 
Reis®^  have  described  its  histochemical  distribution.  At  a  pH  of  7.5  they 
obtained  specific  activity  by  this  enzyme  and  found  histochemically  that 
it  was  particularly  well  localized  in  the  media  of  arteries,  including  the 
aorta,  and  also  in  the  posterior  pituitary,  thyroid,  and  nerve.  But,  as  they 
point  out,  diffusion  of  the  reaction  product  is  greater  at  pH  7.5  than  at 
pH  9,  and  their  method  cannot  therefore  be  used  for  intracellular  localiza¬ 
tion  of  the  enzyme. 

Baradi  and  Bourne*®  in  their  work  on  the  localization  of  the  enzymes  in 
the  gustatory  regions  of  rabbits  have  obtained  evidence  for  the  existence 
of  separate  enzymes  which  split  (at  a  pH  of  about  9.0)  5-nucleotide,  3- 
nucleotide,  ribonucleic  acid,  hexose  diphosphate,  adenosinetriphosphate, 
and  glycerophosphate.  The  distribution  of  these  enzymes  in  the  cells  in  the 
gustatory  regions  varies  considerably,  and  they  are  inhibited  by  different 
substances.  They  are  mostly  in  the  form  of  cytoplasmic  granules  of  various 
sizes  whch  could  not  be  directly  identified  with  any  cell  component.  New¬ 
man  et  al}^  also  brought  forward  evidence  for  the  separate  identity  of  a 
number  of  phosphate-splitting  enzymes. 

Naidoo  and  Pratt  have  demonstrated  the  existence  in  brain  cells  of  an 
enzyme  which  splits  vitamin  Bi  pyrophosphate  (see  plate  II,  A  and  B). 

Gomordo  demonstrated  an  enzyme  present  in  granular  form  in  the  cyto¬ 
plasm  of  cells  of  liver,  adrenal  cortex,  small  intestine,  bronchi,  pancreatic 
islets  (/?  cells),  and  lachrymal  gland,  which  splits  p-chloranilidophosphoric 
acid.  He  called  this  enzyme  phosphamidase.  It  is  said  to  split  a  N=P 
bond.  He  found  it  to  be  present  at  a  much  higher  concentration  in  the 
grey  matter  of  the  central  nervous  sytem  and  in  malignant  tumors. 

An  enzyme  which  splits  a-glycerophosphate  at  a  pH  of  about  5.0  has  also 
een  studied,  although  not  as  extensively  as  alkaline  phosphatase.  It  has 
een  found  that  this  enzyme  is  present  in  cytoplasmic  granules  in  fibro¬ 
blasts  of  a  variety  of  mammals.  The  enzyme  is  widely  distributed  in  the 
nervous  system.  Shimizu^^  found  the  reaction  most  intense  in  the  axone 

J.  L.  Reis,  Enzymologia  2,  183  (1937). 

J.  L.  Reis,  Bull.  soc.  chirn.  biol.  22,  36  (1940). 

J.  L.  Reis,  Biochem.  J.  48,  548  (1951) 

75.  69™  W5o):'  Biol.  Med. 
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and  in  the  Golgi  region.  Smith'*^  found  that  the  activity  near  the  nucleus 
was  primarily  perinuclear  and  that  it  was  also  great  in  the  axon  hillock  and 
in  the  axon.  If  the  axon  of  a  cell  was  cut,  the  activity  increased  and  spread 
over  the  whole  cell.  Shimizu,  on  the  other  hand,  found  a  decrease  of  acid 
phosphatase  activity  in  nerve  cells  in  experimental  beriberi.  In  many  prep¬ 
arations  the  acid  phosphatase  appears  diffused  in  the  cytoplasm.  Moog  and 
Steinbach,^^  however,  have  produced  evidence  that  in  many  cases  acid 
phosphatase  and  alkaline  phosphatase  activity  of  cells  is  associated  with 
the  large  granule  (mitochondral)  fraction.  Gomori'**  has  also  indicated  that 
acid  phosphatase  activity  may  occur  in  nuclei.  Naidoo  and  Pratt^®  showed 
that  acid  glycerophosphatase  was  present  in  the  nuclei  of  Purkinje  cells  of 
the  cerebellum  of  the  white  rat  and  that  the  nucleoli  stained  more  intensely 
than  any  other  (see  plate  II,  E  and  F).  The  fibers  of  the  basket  cells  were 
also  deeply  stained.  Similarly,  they  found  that  the  nuclei  of  the  ependymal 
cells  lining  the  ventricles  were  strongly  positive.  With  adenosinetriphos- 
phate  as  a  substrate  at  a  pH  of  6.5,  these  authors  again  found  strong  nuclear 
staining  in  muscle,  blood  vessels,  ependymal  walls,  and  astrocytes,  and  in 
the  nucleoli  of  neurones  (see  plate  II,  D  and  I).  The  nuclei  and  nucleoli  of 
the  Purkinje  cells  also  gave  a  very  strong  positive  reaction.  With  adenosine- 
monophosphate  as  a  substrate  at  the  same  pH,  the  only  cellular  constitu¬ 
ents  to  stain  were  the  nucleoli  of  the  Purkinje  cells.  The  nerve  fibers  of 
most  parts  of  the  brain,  however,  gave  a  very  strong  reaction  (see  plate  H, 
C  and  G).  Many  other  valuable  papers  on  acid  phosphatase  and  on  the 
alkaline  phosphatases  have  also  been  published,  but  it  is  obviously  impos¬ 
sible  in  the  space  available  to  do  more  than  mention  a  few  representatives 
of  this  enormous  literature. 

b.  Lipase.  A  method  for  demonstrating  lipase  histochemically  has  been 
described  by  Gomori.^®*  He  used  palmitic  and  stearic  esters  of  hexitans 
which  are  known  commercially  as  “Tweens.”  The  lipase  splits  off  the  pal- 
mitate  or  stearate,  which  is  trapped  by  Ca  ions  and  precipitated  as  in¬ 
soluble  calcium  palmitate  or  stearate.  These  are  converted  into  lead  pal- 
mitate  or  stearate  by  immersion  in  lead  nitrate,  and  the  lead  is  rendered 
microscopically  visible  by  changing  it  into  lead  sulfide  with  the  aid  of 
ammonium  sulfide.  The  enzyme  was  found  to  be  widely  distributed  in 
various  organs  including  liver,  pancreas,  lung,  kidney,  testis,  adrenal, 
stomach,  and  small  intestine  (see  plate  III,  C).  In  the  liver  it  is  found 
mostly  in  the  central  part  of  the  lobules.  Gomori  has  pointed  out  that 

'2  W.  K.  Smith,  Anat.  Record  102,  523  (1948). 

«  F.  Moog  and  H.  B.  Steinbach,  J.  Cellular  Comp.  Physiol.  28,  209  (1946). 

**  G.  Gomori,  Arch.  Path.  32,  189  (1941). 

D.  Naidoo  and  O.  E.  Pratt,  J.  Neurol.  Neurosurg.  Psychial.  14,  287  (1951). 

■**  G.  Gomori,  Proc.  Soc.  Exptl.  Biol.  Med.  68,  362  (1945). 

G.  Gomori,  Arch.  Path.  41,  121  (1946). 
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lipase  is  nearly  always  found  in  the  cell  in  the  form  of  granules,  sometimes 
as  coarse  granules.  Baradi  and  Bourne  have  found  (unpublished  work) 
that  in  many  cases  in  the  gustatory  regions  of  the  tongue  these  granules 
correspond  with  the  mitochondria.  Gomori  has  shown  that  in  the  pancreas 
the  zymogen  granules,  and  in  the  epididymus  the  brush  border  of  the  cells, 
frequently  gave  a  very  strong  reaction.  Liver  lipase  was  usually  in  the 
form  of  coarse  granules.  It  is  of  interest  that  (iTomori  has  pointed  out  that 
the  female  genital  tract  has  not  been  found  to  contain  lipase  in  any  of  the 
species  of  animals  examined. 

c.  Simple  esterase.  Nachlas  and  Seligman^®  published  a  technique  for 
the  demonstration  of  simple  esterase.  This  is  an  enzyme  which  splits  com¬ 
pounds  such  as  naphthyl  acetate  and  other  fatty  acid  esters  of  naphthyl 
(see  plate  II,  //,  and  plate  III,  .1,  B,  D,  and  E).  The  technique  involves 
the  hydrolysis  of  naphthyl  acetate.  The  |8-naphthol  produced  by  the  hy¬ 
drolytic  effect  of  the  esterase  becomes  coupled  in  the  substrate  mixture 


with  a  diazonium  compound  to  form  an  insoluble  purplish-red  pigment 
(an  azo  dye)  which  is  precipitated  at  the  site  of  enzyme  activity.  Nachlas 
and  Sehgman  found  that  this  enzyme  was  widely  distributed  in  the  body 
and  that  in  rat  and  dog  it  was  greatest  in  amount  in  lung,  liver,  pancreas, 
and  kidney.  Baradi  and  Bourne®*  found  that  a  strong  reaction  for  this 
enzyme  was  given  by  olfactory  mucosa  cells  and  by  taste  bud  cells.  In  these 
cells  the  enzyme  was  mainly  in  the  form  of  granules  of  various  size  which 
by  their  intense  reaction  indicated  an  appreciable  amount  of  the  enzyme 
Bach  of  these  granules  was  surrounded  by  a  diffuse  halo,  and  it  seems 
that  either  the  enzyme  or  the  reaction  product  can  diffuse  slightly  during 
he  process  ol  demonstration.  Nachlas  and  Seligman  picture  esterase  in 
the  form  of  granules  in  both  epithelial  and  parietal  cells  of  rabbit  stomach, 
n  their  paper  Nachlas  and  Seligman  question  whether  the  “lipase”  dem- 

hat  the  esterase”  which  they  have  demonstrated  appears  to  oecupv 
milai  sites  to  those  which  Gomori’s  lipase  occupies.  Baradi  and  Bourne” 
have  found  that  the  distribution  of  these  two  ensymes  in  gustat^  and 
“‘“[J  ragions  of  the  rabbit  is  completely  different 

and  Gomori”  have  published  TenhT  /  ’u-'  Friedeinvald” 

shown  that  both  non-specihc  and  rpecific^ci*  r*  ^nen 

"t ‘d  r^d 

-ionship  betwe.  -t^d^ 

G.-  B^  Sfe'rjd.  s:  r -ed^S'  <‘9«). 

”  G.  Gomori,  Froc.  Soc.  Exptl.  Biol.  Med.  68,  354 
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and  the  problem  of  the  demonstration  of  esterases  as  a  whole  has  been 
discussed  by  Gomori.®^  In  some  nerve  cells  cholinesterase  has  been  found 
to  be  present  in  the  nuclei.  In  Koelle’s  method  the  enzyme  often  appears 
in  granular  form,  but  its  distribution  has  not  been  identified  with  any 
formed  cytoplasmic  components.  There  appears  to  be  some  variation  in 
intensity  of  the  histochemical  reaction  of  this  enzyme  in  different  species. 
One  of  the  anomalous  facts  about  the  technique  is  that  the  enzyme  from 
the  electric  organ  of  the  electric  eel  does  not  split  the  substrate  (e.g., 
myristoyl  choline)  used  in  Gomori’s  method. 

Barnett  and  Seligman^^  ^nd  Ilolt®^  have  described  a  method  of  demon¬ 
strating  esterases  in  tissues  by  the  production  of  indigo.  In  this  technitiue 
indoxyl  acetate  is  used  as  a  substrate.  At  the  pH  optimum  for  esterase 
activity  the  indoxyl  is  rapidly  oxidized  to  indigo  blue  and  precipitated  from 
solution  at  the  sites  of  enzyme  activity.  Barnett  and  Seligman  said  that 
the  reaction  was  granular  and  cytoplasmic.  The  granules  were  fairly  small 
in  liver  and  kidney  and  large  in  nervous  tissue.  In  anterior  horn  cells  they 
were  present  in  the  cytoplasm,  axon  and  dendrites.  Granules  were  also 
found  in  polymorph  leucocytes  and  striated  muscle.  The  substrate  was 
found  to  be  hydrolyzable  by  lipase,  non-specific  esterase  and  choline  es¬ 
terase. 

f.  Glucuronidase.  Friedenwald  and  Becker®^  have  demonstrated  glu¬ 
curonidases  in  fresh  frozen  sections.  The  substrate  used  was  8-hydroxy- 
quinoline  glucuronic  acid.  When  this  compound  was  split  and  the  8-hy¬ 
droxy  quinoline  combined  with  iron,  it  was  precipitated  at  the  site  of 
enzyme  activity  and  converted  into  Prussian  blue  or  combined  with  a  diazo 
substance  to  form  an  insoluble  azo  dye.  The  enzyme  is  said  by  the  authors 
to  be  cytoplasmic  in  distribution. 


3.  Phosphorylase 

Phosphorylase  activity  has  been  demonstrated  by  Cobb^®  by  the  pi  educ¬ 
tion  and  subseouent  demonstration  of  glycogen  from  glucose- 1 -phosphate. 
This  formed  the  basis  of  a  thesis  in  the  University  of  Illinois  which  the 
author  has  not  seen  therefore  intra-cellular  detail  cannot  be  described. 


4.  Differential  Centrifugation  of  Cell  Homogenates  for 
Determining  Intracellular  Distribution  of  Enzymes 

We  have  dealt  with  the  direct  demonstration  of  enzymes  m  cells,  but  the 
development  of  the  technique  of  differential  centrifugation  of  cell  homog- 


G.  Gomori,  Intern.  Rev.  Cytol.  1,  323  (1952). 

“  R.  J.  Barnett  and  A.  M.  Seligman,  Science  114,  579,  (1951). 

«  S.  J.  Holt,  Nature  169,  271  (1952). 

54  J.  S.  Friedenwald  and  B.  Becker,  J.  Cellular  Comp.  Physiol.  31,  303  (1948). 

55  J.  D.  Cobb,  Thesis,  University  of  Illinois,  1948. 
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enates  has  also  provided  much  interesting  information  on  the  distribution  of 
enzymes  within  the  cell.  However,  some  care  must  also  be  used  in  interpret¬ 
ing  the  results  of  these  methods.  One  does  not  know  whether  the  effects  of 
homogenizing  cells  may  result  in  the  adsorption  of  enzymes  onto  the  sur¬ 
faces  of  nuclei,  mitochondria,  etc.,  or,  conversely,  in  the  leaching  out  of  en¬ 
zymes  from  the  formed  elements  into  the  supernatent. 

a.  Nuclei.  The  isolation  of  cell  components  from  cells  was  first  carried 
out  by  Miescher  in  1871.®®  Miescher  first  digested  pus  with  pepsin  and 
HCl  and  then  centrifuged  out  the  nuclei.  He  was  also  able  to  obtain  the 
nuclei  of  fish  spermatozoa.  Miescher  washed  the  spermatozoa  with  distilled 
water  until  the  cytoplasmic  portions  were  removed,  but  his  preparations 
were  imperfect  because  a  quantity  of  cytoplasmic  material  continued  to 
adhere  to  the  nuclei.  A  more  modern  technique  was  used  by  Zittle  and 
Zitin®^  to  obtain  sperm  nuclei.  They  subjected  spermatozoa  to  the  effect  of 
sonic  vibrations  and  literally  shook  the  nuclei  free  of  their  cytoplasmic 
encumbrances.  Nuclei  have  also  been  obtained  from  bird  erythrocytes,  from 
Arbacia  eggs,  and  from  a  variety  of  tissue  homogenates.  In  the  latter  the 


nuclei  come  down  at  a  relatively  low  centrifugal  speed  and  can  easily  be 
separated  from  the  supernatant.  The  isolation  of  nuclei  in  this  way  enabled 
relatively  large  amounts  of  nuclear  substance  to  be  obtained  for  chemical 
analysis  (see  Bounce®®-  ®9).  About  20%  of  nuclear  material  isolated  in  this 
way  was  desoxyribosenucleic  acid  (see  plate  III,  G  and  H).  There  was  no 
glycogen,  and  up  to  10%  of  lipid.  Bounce  lists  the  enzymes  which  have 
been  found  in  nuclei.  There  was  no  succinic  dehydrogenase,  but  half  of  the 
cytochrome  oxidase  activity  was  said  to  be  present  in  them.  Since  other 
work  shows  that  the  major  portion  of  the  cytochrome  oxidase  activity  is 
found  in  mitochondria,  it  seems  that  we  have  here  an  example  of  the 
possible  adsorption  of  the  enzyme  from  the  homogenates  into  one  or  other 
or  both  of  these  structures.  All  of  the  amine  oxidase  and  arginase  and  uricase 
activities  of  the  cell  appear  to  be  in  the  nuclear  fraction,  and  so  does  up  to 
80  %  of  the  catalase  fraction.  The  nuclei  also  contain  half  the  enolase  and 
esterase  and  nearly  half  the  aldolase  activity  of  the  cell.  Allen  and  Bourne® 
ound  aldolase  activity  evenly  distributed  through  both  nuclei  and  cyto¬ 
plasm.  These  results  apply  to  rat  liver  cell  nuclei.  Rat  kidney  cell  nuclei 
owever,  appear  to  contain  no  arginase.  It  is  of  interest  that  chicken  eryth¬ 
rocyte  nuclei  contain  all  the  acid  phosphatase  activity  of  the  cell  and 
ee  pancreas  nuclei  contain  half  the  esterase  and  half  the  lipase  of  pan¬ 
creatic  homogenate.  Bounce  has  discussed  the  results  for  cytochrome 

Ghern.  Untersuch.  4,  441  (1871) 

58  A  ^  ^  ^  144,  99  (1942) 

59  ^  t"'  C'/im.  147,  685  (1943). 

A.  L.  Dounce  in  Sumner  and  Mvrbaok  THa  l?r,  a  ,  . 

York,  1950,  Vol.  I,Part  1,  p.  215  ^  ^  ^^^zymes.  Academic  Press.  New 
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oxidase  and  succinic  dehydrogenase.  He  points  out  that  the  acidulated 
homogenate  which  he  used  for  his  work  makes  it  difficult  for  him  to  com¬ 
pare  the  activity  of  the  nuclei  with  that  of  a  fresh  homogenate.  If  an  at¬ 
tempt  is  made  to  allow  for  this  difference,  the  cytochrome  oxidase  activity 
in  the  nuclei  works  out  at  about  10  to  15  %  of  that  of  fresh  liver.  Bounce, 
however,  contents  himself  with  claiming  that  his  work  shows  that  the 
nucleus  does  contain  some  cytochrome  oxidase  activity.  The  possibility 
still  exists,  and  Bounce  acknowledges  it,  that  whole  mitochondria  might 
stick  onto  the  nuclear  membrane  from  the  homogenate  and  affect  the  result. 
Some  nuclei,  how'ever,  appear  to  contain  lactic  dehydrogenase  activity. 

b.  Mitochondria.  In  1934  Bensley  and  Hoerr®®  isolated  mitochondria 
from  homogenated  tissue  for  the  first  time.  This  technique  was  subsequently 
developed  by  Claude  and  his  co-workers.®^  Bensley  and  Hoerr  originally 
used  saline  homogenates,  but  mitochondria  were  greatly  distorted  by  the 
saline  and  were  often  difficult  to  identify.  Later  workers  used  sucrose  solu¬ 
tions  and  obtained  what  was  called  a  “large  granule  fraction”  which  in 
fact  was  practically  pure  mitochondria. 

The  main  steps  involved  in  the  process  of  differential  centrifugation  may 
prove  of  interest.  The  homogenate  is  first  centrifuged  at  1000  X  g  (i.e., 
about  700  to  800  r.p.m.).  If  this  is  done  about  three  times,  spinning  for  10 
minutes  each  time,  all  the  nuclei,  red  blood  cells,  and  cell  fragments  are 
centrifuged  out  of  the  homogenate.  The  fractions  from  the  last  two  runs 
consist  almost  entirely  of  nuclei.  The  large  granule  fraction  is  now  obtained 
by  centrifuging  for  about  30  minutes  at  a  force  of  about  18,000  X  g,  i.e., 
somewhere  around  15,000  r.p.m.  Some  small  granules  or  microsomes  also 
come  down,  but,  if  the  centrifugate  is  resuspended  in  sucrose  and  recentri¬ 
fuged,  pure  mitochondria  may  be  obtained.  If  the  supernatant  from  this  is 
now  centrifuged  at  40,000  X  g,  particles  of  100  ra/x  in  size  will  come  down; 
these  are  the  microsomes.  There  are,  of  course,  even  smaller  particles. 

The  isolation  of  mitochondria  has  given  a  great  impetus  to  the  study  of 
the  distribution  of  enzymes  within  the  cell.  Hogeboom  and  his  col¬ 
leagues,®^'®®  Kennedy  and  Lehninger,®^  Palade  and  Claude  (see  Claude®^ 
and  others  have  made  important  contributions  to  this  aspect  of  histo¬ 
chemistry. 

In  a  later  part  of  this  chapter  reference  will  be  made  to  the  question  of 

R.  Tl.  Bensley  and  H.  H.  Hoerr,  Anat.  Record  60,  251  (1934). 

A.  Claude,  Cold  Spring  Harbor  Si/mposia  Qnnnt.  Biol.  9,  263  (1941). 

G.  H.  Hogeboom,  W.  C.  Schneider,  and  G.  K.  Palade,  J .  Biol.  Chem.  172,  223 

(1948). 

G.  H.  Hogeboom,  J.  Biol.  Chem.  177,  847  (1949). 

W.  C.  Schneider,  J.  Biol.  Chem.  166,  585  (1946). 

W.  C.  Schneider,  A.  Claude,  and  G.  H.  Hogeboom,  J .  Biol.  Chem.  172,  451  (1948). 

®®  G.  H.  Hogeboom,  Federation  Proc.  10,  640  (1951). 
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intracellular  localization  of  vitamins.  At  this  point,  however,  those  vitamins 
which  are  concerned  with  enzymic  activity  will  be  mentioned.  These  con¬ 
stitute  in  particular  certain  members  of  the  vitamin  B  complex  aneurin 
(thiamine),  riboflavin,  nicotinamide,  pantothenic  acid,  and  pyridoxin.  Four 
of  these  are  particularly  relevant  at  the  moment;  thiamine  is  part  of  the 
enzyme  cocarboxylase;  riboflavin  is  part  of  cytochrome  reductase,  nico¬ 
tinamide  is  an  important  constituent  of  coenzyme  I;  and  pantothenic  acid, 
of  coenzyme  A.  The  last  two  enzymes  are  all-important  links  between  the 
Krebs  tricarboxylic  acid  cycle  and  the  cytochrome  system.  Pyridoxin  is  a 
constituent  of  transaminase,  the  enzyme  which  plays  an  important  part  in 
the  protein  metabolism  of  the  cell. 

These  observations  are  significant  in  connection  with  the  work  which  has 
been  carried  out  in  the  last  few  years  (Hogeboom,®*  Schneider,®^  Schneider 
et  which  suggests  that  localized  in  the  mitochondria  are  a  number  of 
enzymes  which  are  specifically  concerned  with  aerobic  metabolism  in  the 
cell.  According  to  Hogeboom,®®  practically  all  the  cytochrome  oxidase  and 
the  succinic  dehydrogenase  activity  of  the  cell  are  found  in  the  mitochon¬ 
dria,  and  the  residual  activity  found  in  other  fractions  is  probably  due  to 
contamination  with  mitochondria.  Hogeboom  lists  the  other  enzymes  which 
have  been  found  to  be  concentrated  in  these  organelles  as  follows:  oxalo¬ 
acetic  oxidase,  octanoic  acid  oxidase,  glutamic  dehydrogenase,  diphospho- 
pyridine  nucleotide  cytochrome  reductase,  triphosphopyridine  nucleotide 


cytochrome  reductase,  adenosinetriphosphatase,  catalase,  and  uricase.  He 
also  lists  cytochrome  c,  riboflavin,  and  pyridoxin.  Most  of  the  activity  of  the 
system  catalyzing  the  synthesis  of  p-aminobenzoic  acid  and  glycine  and 
also  myokinase  were  also  found  in  mitochondria.  Kielley  and  Kielley  (ac¬ 
cording  to  Hogeboom)  have  also  found  that  mitochondria  in  the  presence 
of  an  oxidizable  substrate  such  as  a-ketoglutarate  are  able  to  synthesize 
adenosmetriphosphate  from  adenosine  5-phosphate  and  inorganic  phos¬ 
phate.  In  addition,  Mauer  and  Greco®®  have  found  that  mitochondria 
contain  benzoylarginine  amidase.  Higgins  et  have  shown  a  high  con¬ 
centration  of  coenzyme  A  and,  at  acid  pH’s,  leucine  amidase  activity  in 
these  organelles.  Potter  et  aV^  have  pointed  out  that  the  use  of  a  Waring 
blendor  for  the  production  of  tissue  homogenates  is  undesirable  because  it 
may  break  up  some  nuclei,  and  mitochondria  to  a  size  that  results  in  their 
contamination  of  centrifugal  fractions  in  which  they  would  not  otherwise 
e  ound.  It  IS  of  interest  that  freshly  isolated  mitochondria  show  very 
little  adenosinetriphosphatase  activity,  but  if  they  are  kept  in  an  icebox 


69  H  Greco,  J.  Natl.  Cancer  Insl.  12,  37  (1951) 
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for  a  time  considerable  activity  is  demonstrated,  or  if  they  are  broken  up 
in  a  Waring  blendor  the  relatively  low  malic  dehydrogenase  activity  of  the 
intact  mitochondria  is  greatly  enhanced.  Presumably  we  are  seeing  in  these 
two  experiments  the  effect  of  selective  permeability  of  a  mitochondrial  mem¬ 
brane.  It  is  of  interest  that  Zetterstum^^  has  shown  that  anaerobic  oxidation 
by  kidney  mitochondria  is  activated  by  phosphorylated  vitamin  D2,  a  fact 
which  suggests  that  phosphatase  activated  by  this  vitamin  may  be  present 
in  mitochondria. 

It  is  also  interesting  that  the  mitochondria  have  not  been  found  to  have 
any  glycolytic  activity,  a  property  which  is  probably  diffused  throughout 
the  cytoplasm.  It  was  mentioned  earlier  that  Allen  and  Bourne®  had  shown 
that  aldolase  (zymohexase),  which  is  an  enzyme  responsible  for  one  of  the 
steps  in  the  breakdown  of  glucose  to  pyruvic  acid,  is  diffused  through  the 
cell  and  is  not  localized  in  any  particular  cell  organelle. 

The  third  particulate  fraction  in  differential  centrifugation  is  composed 
of  microsomes  which  contain  a  high  concentration  of  pentosenucleic  acid 
(six  times  that  of  mitochondria),  and  lipid  (40  %).  In  addition  they  contain 
the  DPN  and  TPN  cytochrome-reductase  enz3Tnes  and  most  of  the  es¬ 
terase  (lipase?)  activity  of  whole  liver.  According  to  Hogeboom,®®  the  micro¬ 
somes  also  play  a  role  in  other  enzyme  reactions,  e.g.,  anaerobic  glycolysis, 
oxidation  of  oxalacetate,  and  reductive  cleavage  of  p-dimethylamino- 
benzene.  In  the  final  fraction,  the  supernatant,  are  found  the  enzymes  in¬ 
volved  in  anaerobic  glycolysis  together  with  some  isocitric  dehydrogenase, 
acid  and  alkaline  phosphatase,  catalase,  and  cytochrome  c.  There  are  also 
present,  of  course,  a  number  of  soluble  proteins. 

All  these  results  are  of  great  interest,  but  can  we  use  them  to  explain 
any  aspects  of  cell  physiology?  Some  tentative  suggestions  as  to  the  relations 
between  mitochondria  and  cytoplasm  are  given  below. 

Glycolysis  proceeds  to  the  pyruvic  acid  level  in  the  cytoplasm,  and  then 
the  pyruvic  acid  or  the  2-carbon  substances  produced  from  it  must  come 
into  contact  with,  or  enter  into,  the  mitochondria  for  the  next  stage  of 
respiration  to  take  place.  The  2-carbon  substances  are  drawn  into  the  Krebs 
tricarboxylic  acid  cycle  within  or  on  the  surface  of  the  mitochondria,  become 
condensed  with  oxaloacetic  acid  to  form  citric  acid,  and  then  pass  round 
the  cycle  giving  off  (for  each  molecule  of  pyruvic  acid  entering  the  system) 
three  molecules  of  carbon  dioxide  and  five  pairs  of  hydrogen  atoms.  These 
pairs  of  hydrogen  atoms  are  swept  away  from  the  Krebs  cycle  and,  through 
the  aid  of  coenzyme  I,  coenzyme  II,  and  cytochrome  c  form  water  and 
simultaneously  reduce  the  cytochrome  which  is  reoxidized  by  cytochrome 
oxidase.  It  should  be  stressed  that  the  whole  of  this  process,  from  pyruvic 
acid  to  the  production  of  CO2  and  water,  can  be  carried  out  by  mito¬ 
chondria,  which  appear  to  have  sufficient  of  all  the  enzymes  necessary  for 
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this  process.  It  is  probable  that  80  to  90  %  of  the  aerobic  metabolism  of  the 
cell,  from  pyruvic  acid  onwards,  takes  place  in  the  mitochondria,  assuming 
that  the  claimed  partition  of  enzymes  between  them  and  cytoplasm  is 
correct. 

We  know  that  mitochondria  break  up  after  injury  to  the  cell  or  after 
treatment  with  respiratory  depressants  (e.g.,  chloroform),  and  in  this  proc¬ 
ess  we  have  a  possible  method  of  respiratory  control  of  the  cell.  Since 
respiration  can  progress  only  if  the  enzyme  systems  in  the  mitochondria 
are  fed  with  pyruvic  acid  or  2-carbon  substances,  it  is  obvious  that  the 
speed  of  respiration  will  be  governed  by  the  area  of  mitochondrial  surface 
presented  to  the  cytoplasm.  It  is  known  that  mitochondrial  filaments  can 
break  up  into  granules  and  that  granules  and  batonettes  can  link  up  to 
form  filaments,  and  thus  we  have  a  method  whereby  a  cell  can  control  its 
rate  of  respiration.  The  breaking  up  of  the  mitochondria  in  a  cell  caused  by 
respiratory  depressants  might  be  thought  of  as  an  “attempt”  by  the  cell 
to  counteract  the  depressing  effect  by  trying  to  speed  up  the  rate  of  respira¬ 
tion.  Some  mitochondria  are  also  known  to  be  capable  of  independent 
movement  in  the  cell,  and  increase  of  this  movement  would  provide  another 
method  of  increasing  respiration,  since,  once  the  pyruvic  acid  in  the  cyto¬ 
plasm  adjacent  to  the  mitochondria  is  used  up,  the  rate  of  respiration 
would  depend  upon  the  rate  at  which  pyruvic  acid  could  diffuse  from  a 
distance.  However,  this  delay  is  overcome  in  some  cells  (notably  in  tissue 
culture  cells)  by  a  constant  writhing  and  twisting  of  the  mitochondria. 
In  some  living  cells,  where  the  mitochondria  are  not  very  active,  streaming 
movements  of  the  protoplasm  help  to  bring  fresh  pyruvic  acid  into  contact 
with  the  mitochondria.  It  is  of  interest  that  cyanide  inhibits  cellular  respira- 
to  and  that  it  also  stops  the  movement  of  mitochondria  in  the  living  cell. 

he  fact  that  mitochondria  have  a  fairly  constant  diameter  may  be  sig¬ 
nificant.  They  tend  not  to  increase  in  girth  but  usually  in  length.  This  may 
be  of  sigmficance  since,  if  the  mitochondria  were  too  thick,  only  super¬ 
ficial  portions  would  get  an  opportunity  to  react  with  the  pymvic  acid  and 

"if  enzymes  would  be  wasted,  metabolically  speaking, 

ormally  fed  animals  there  seems  to  be  a  constant  number  of  mitt 

ptce  hX  Ltt  (Thurlow”),  and  their  fundamental 

place  m  the  cell  metabolism  is  illustrated  by  the  fact  that  they  occur  even 

in  such  a  humb  e  member  of  the  animal  kingdom  as  the  amoeba. 
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Ill  certain  insects  the  wings  beat  at  an  extraordinary  speed,  which  sug¬ 
gests  that  there  must  be  very  efficient  metabolic  organization  in  the  wing 
muscles  to  permit  this  output  of  energy.  Histological  examination  of  these 
wing  muscles  shows  that  lying  between  the  fibrils  in  the  individual  fibers 
are  rows  of  bodies  known  as  sarcosomes,  which  are  mitochondrial  in  nature. 
They  have  been  found  to  contain  the  same  respiratory  enzymes  as  mito¬ 
chondria,  so  we  can  conceive  of  the  amazing  efficiency  of  such  an  arrange¬ 
ment  in  which  each  contractile  element  is  surrounded  by  bodies  crammed 
with  respiratory  enzymes.  Malaty  and  Bourne^^  have  also  shown  by  histo- 
chemical  methods  that  the  sarcosomes  of  mammalian  skeletal  and  heart 
muscle  contam  succinic  dehydrogenase. 

So  far  we  have  referred  only  to  the  respiratory  activity  of  mitochondria, 
but  the  existence  in  the  organelles  of  the  enzymes  concerned  with  the 
Krebs  tricarboxylic  acid  cycle  confers  upon  them  other  potentialities,  for 
the  Krebs  cycle  is  spoken  of  as  the  meeting  place  of  carbohydrate,  protein, 
and  fat  metabolism,  and  the  enzymes  present  in  mitochondria  are  those 
which  can  catalyze  reactions  which  are  able  to  supply  energy  for  synthesis. 
So  we  may  conceive  of  the  mitochondria  as  being  able  to  function  as 
centers  in  the  cell  capable  of  synthesizing  protein,  fats,  and  lipids.  Bensley^^ 
has  also  brought  forth  evidence  that  mitochondria  are  concerned  with  fat 
metabolism,  and  all  the  fatty  acid  oxidase  of  the  liver  cell  has  been  found 
in  them  (Kennedy  and  Lehninger®^).  There  is  other  evidence  of  the  synthetic 
ability  of  mitochondria;  Kennedy  and  Lehninger  also  found  that  isolated 
mitochondria  were  able  to  incorporate  inorganic  phosphate  (containing 
radiophosphorus,  into  pentosenucleic  acid,  phospholipid,  and  “an  un¬ 
identified  acid-insoluble  ‘phosphoprotein’  fraction  coupled  to  the  oxidation 
of  substrates  of  the  Krebs  tricarboxylic  acid  cycle.” 

There  is  sufficient  cytological  evidence  that  the  mitochondria  are  con¬ 
cerned  with  breakdown  or  synthesis  of  protem,  fat,  and  carbohydrate. 
HorningV®  work  on  the  amoeba  showed  an  association  between  the  mito¬ 
chondria  and  the  digestion  of  food  in  the  creature,  and  Horning  and  Petrie''^ 
showed  that  in  germinating  seeds  mitochondria  are  associated  with  the 
breakdown  of  starch.  The  authors  suggested  that  the  mitochondria  might 
liberate  diastase,  which  may  indeed  be  the  case,  but  the  former  may  be 
aggregated  round  the  starch  grains  because  the  breakdown  of  the  grains 
results  in  the  production  of  glycogen  and/or  pyruvic  acid  or  2-carbon  sub¬ 
stances  and  they  are  able  to  metabolize  it  further.  Horning  also  believes 
that  the  zymogen  granules  of  the  pancreas  form  in  association  with  the 

A.  H.  Malaty  and  G.  H.  Bourne,  Proc.  Nutrilion  Soc.  British  J.  hliitrilion  6, 
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mitochondria.  Horning  and  Richardson^®  showed  that  in  Opalina  mito¬ 
chondria  are  associated  with  the  formation  of  what  appear  to  be  protein 
bodies.  A  number  of  authors  have  presented  cytological  descriptions  of 
small  granules  clustered  round  mitochondria,  and  these  are  claimed  to  be 
the  products  of  synthesis  of  the  mitochondria.  However,  two  types  of  micro- 
some  (small  cytoplasmic  elements,  about  100  to  200  m^u  in  diameter)  are 
known,  one  of  which  is  composed  mainly  of  glycogen  or  glycogen  associated 
with  a  protein,  and  it  may  be  that  the  particles  around  the  mitochondria 
are  actually  collections  of  this  type  of  microsome  undergoing  glycolysis  and 
providing  pyruvic  acid  for  the  mitochondria  to  metabolize.  Nevertheless, 
it  is  possible  that  these  small  particles  represent  the  products  of  synthesis 
by  the  mitochondria,  in  which  case  they  would  be  removed  from  the  mito¬ 
chondrial  surface  as  they  are  formed  and  segregated  in  the  Golgi  material. 
Otherwise  the  accumulation  of  the  synthetic  products  at  the  mitochondrial 
surface  would  block  further  synthesis. 

Hirsch^®  has  actually  seen  granules  on  the  mitochondria  detach  them¬ 
selves  after  having  been  seen  at  this  site  for  10  to  70  minutes.  Duthie  has 
seen  evidence  of  a  similar  activity  in  fixed  preparations  of  salivary  glands 
and  in  goblet  cells  of  the  intestine.  There  are  numerous  references  in  the 
literature  (see  HirsclT®)  to  the  production  of  granules  by  mitochondria  and 
their  absorption  and  possible  subsequent  elaboration  in  the  Golgi  region. 

Practically  all  the  evidence  available  supports  the  conception  that  the 
mitochondria  may  be  regarded  as  the  main  synthetic  centers  of  the  cell 
as  well  as  the  main  respiratory  centers. 

Claude®®  has  calculated  that  a  typical  liver  mitochondrion  could  contain 
about  one  million  protein  molecules  and  that  in  each  mitochondrion  there 
may  be  twenty-five  different  enzymatic  systems.  That  means  that  each 
system  could  be  duplicated  2000  times  in  each  mitochondrion,  which  cer¬ 
tainly  lends  support  to  Claude’s  description  of  the  mitochondria  as  the 
“power  plants”  of  the  cell. 

The  conception  of  the  mitochondria  as  synthetic  centers  of  the  cell  is 
not  new;  R.  J.  Ludford“  wrote  more  than  twenty  years  ago:  “At  the  mito¬ 
chondrial-cytoplasmic  surface,  syntheses  by  enzymes  occur.  The  resulting 
products  continually  diffuse  into  the  cytoplasm,  preventing  an  accumula- 
tion  at  the  smface  of  the  mitochondria.  At  the  Golgi  apparatus  the  elabo- 
rated  products  are  concentrated  into  droplets  preliminary  to  their  elimina- 
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It  is  of  interest  that,  in  addition  to  their  enzymic  content,  mitochondria 
possess  fats  and  lipoids,  and  naturally  not  all  their  protein  is  enzymic  in 
nature.  In  addition,  mitochondria  are  not  permanent;  they  can  be  sub¬ 
stantially  reduced  in  numbers  by  starvation.  Therefore  we  might  simply 
consider  them,  as  Bensley  does,  as  a  reserve  store  of  metabolic  material  on 
which  the  cell  can  draw  in  time  of  need.  Such  structures  provide  suitable 
surfaces  for  the  adsorption  and  possible  absorption  of  various  enzymes. 
Once  such  enzymes  are  incorporated  into  the  mitochondria  the  latter  are 
then  able  to  control  the  metabolic  processes  of  the  cell  by  presenting  more 
or  less  surface  to  the  cytoplasm. 

c.  Golgi  Apparatus.  The  establishment  of  mitochondria  as  the  dynamic 
centers  of  the  cell  appears  to  reduce  the  apparent  importance  of  the  Golgi 
apparatus,  formerly  regarded  as  being  the  dominant  cytoplasmic  organ  in 
this  respect,  particularly  from  the  point  of  view  of  cell  secretion.  The 
Golgi  apparatus  (discovered  by  Golgi  in  1898)  is  an  area  in  the  cytoplasm 
situated  near  the  nucleus  which  is  rich  in  lipoidal  materials.  There  has  been, 
as  mentioned  previously,  considerable  dissention  as  to  its  exact  form,  but 
there  seems  to  be  little  doubt  that  the  first  visible  products  of  secretion  in 
the  cell  always  appear  in  association  with  the  Golgi  material.  There  is  no 
evidence  that  this  material  has  the  enzymic  equipment  necessary  for  the 
wide  variety  of  syntheses  that  cells  must  perform.  It  is  true  that  some 
cells  appear  to  contain  the  enzymes  alkaline  and  acid  glycerophosphatase 
in  this  region,  but  much  more  than  this  is  required  before  an  intrinsic 
synthetic  ability  can  be  accredited  to  the  Golgi  apparatus.  However,  it  is 
possible  and  even  probable  that  small  particles  of  material  synthesized  by 
the  mitochondria  pass  to  the  Golgi  region  and  there  become  segregated  into 
visible  droplets.  We  must  not  forget  Hirsch’s  own  observation  in  which  he 
saw  in  living  pancreatic  cells  fine  droplets  passing  from  the  mitochondria  to 
the  Golgi  vacuoles.  As  will  be  shown  later,  there  is  evidence  that  vitamin 
C  is  often  aggregated  in  the  Golgi  region  of  cells,  and  visible  toxic  sub¬ 
stances,  certain  dyes,  etc.,  are  all  segregated  in  the  same  region.  It  seems 
likely  that  the  Golgi  material  is,  in  fact,  a  segregating  region  with  a  primary 
function  of  protecting  the  cell  from  the  effect  of  diffusible  toxic  substance 
and  a  secondary  function  of  aggregating  into  droplets  substances  synthe¬ 
sized  by  the  mitochondria  which,  if  left  at  the  site  of  synthesis,  would  by 
the  law  of  mass  action  bring  the  synthetic  processes  to  a  standstill. 

Other  attempts  to  localize  enzymes  in  tissues  have  been  made  by  Linder- 
str0m-Lang  and  his  colleagues,  but  most  of  their  results  demonstrated  the 
amounts  of  enzymes  in  different  regions  of  a  histological  specimen  and 
could  not  be  applied  either  qualitatively  or  quantitatively  to  the  demon¬ 
stration  of  the  distribution  of  enzymes  within  the  mammalian  cell.  Never¬ 
theless,  they  have  obtained  results  of  cytochemical  interest  with  large  cells 
such  as  eggs  and  with  amoebae. 
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Holier  and  Doyle, for  example,  centrifuged  Amoeba  proteus  so  that  the 
mitochondria  were  stratified  in  broad  zones  in  the  middle  region  of  the 
cell  and  the  amount  of  amylase  present  in  sections  taken  at  different  levels 
at  right  angles  to  the  plane  of  stratification  was  estimated.  The  region 
where  the  mitochondria  were  aggregated  was  the  region  where  most  amylase 
was  found,  so  it  seemed  reasonable  to  assume  that  the  enzyme  was  con¬ 
tained  by  the  mitochondria.  This  represents,  then,  the  localization  of  yet 
another  enzyme  in  this  cell  organelle.  Further  work  by  Hoi  ter  and  his 
colleagues®^  has  shown  that  proteinase  is  distributed  in  the  large  amoeba. 
Chaos  chaos,  on  components  in  the  cytoplasm  which  are  subject  to  centrif¬ 
ugal  action  and  which  appear  to  be  mitochondria.  They  also  obtained 
evidence  that  succinic  dehydrogenase  was  localized  mainly  in  the  same 
structures.  This  finding  confirms  that  described  earlier  in  this  chapter 
based  on  differential  centrifugation  of  tissue  homogenates.  There  is  some 
evidence  (Krahl®^)  that  some  enzymes,  including  cytochrome  oxidase,  are 
found  mainly  in  the  ground  substance  of  the  cytoplasm  or  in  the  microsomes 
in  unfertilized  or  recently  fertilized  eggs  but  that  as  development  continues 
these  enzymes  become  progressively  incorporated  into  mitochondria. 

HI.  Vitamins 

Intracellular  localization  of  vitamins  was  attempted  in  a  number  of  cases 
soon  after  a  particular  vitamin  was  isolated  and  its  chemical  identity 
established.  Only  a  few  vitamins  have  been  localized  in  cells  by  histochem- 
ical  procedures,  but  differential  centrifugation  of  tissue  homogenates  has 

given  information  on  the  distribution  of  various  vitamins  in  different  cell 
constituents. 


i.  VITAMIN  A 

•  localization  of  a  vitamin  was  described  by  Querner 

m  1932.  He  found  m  tissues  that  certain  isotropic  fat  droplets  gave  a 
uorescence,  which  quickly  faded,  with  ultraviolet  light.  He  believed  that 
this  fluorescence  was  due  to  certain  fat-soluble  pigments,  e  g  carotenoids 
La  er  Querner«.  found  this  fluorescence  to  be  pre^frt  in  li^r  r^Z"", 
TOrtex,  and  pituitary  gland  of  animals  and  said  that  it  was  due  to’ vitamin 

Hirt»’  claims  to  have  described  bright  yellow  fluorescent  droplets  in  the 
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walls  of  the  sinusoids  of  the  liver  in  living  animals  and  to  have  identified 
them  with  vitamin  A  in  1939, 

Bourne^®  in  1935  and  Joyet-Lavergne®^  in  the  same  year  demonstrated 
vitamin  A  in  cells  histochemically  and  found  the  vitamin  present  in  a  wide 
variety  of  cells  in  the  mitochondria.  This  is  of  interest  in  view  of  the  fact 
that  Gatenby®'’  as  long  ago  as  1919  had  observed  yellow  carotenoid  pigment 
in  the  mitochondria  of  the  cells  of  the  snail,  Limnoea.  Both  Bourne  and 
Joyet-Lavergne  modified  the  Carr-Price  test  for  vitamin  A.  Bourne  cut 
frozen  sections  of  liver  of  unfixed  tissues  and  mounted  them  on  a  slide  in  a 
drop  of  Carr-Price  reagent  (antimony  trichloride  in  chloroform).  By  this 
method  vitamin  A  gives  a  bright  blue  color.  Carotene  also  gives  a  reaction 
wdth  the  Carr-Price  reagent,  but  Anderson  and  Levine®^  have  stated  that 
at  room  temperature  only  vitamin  A  gives  the  reaction  whereas  carotene 
does  not  do  so  until  the  temperatiAe  is  raised  to  60°.  Since  all  preparations 
were  carried  out  at  room  temperature,  it  seems  likely  that  in  this  instance 
only  vitamin  A  was  being  demonstrated,  although  for  various  reasons, 
including  the  fact  that  extracted  mitochondria  have  a  yellow  appearance, 
it  seems  likely  that  mitochondria  contain  some  carotenoid  pigment  as  well. 
It  is  of  interest,  too,  that  the  mitochondria  of  germ  cells  also  contain 
carotene  (Popper®^).  Carotenoids,  in  fact,  are  widely  distributed  in  the 
organs  of  reproduction  of  both  animals  and  plants  (Goodwin,^®),  and  they 
appear  to  be  mobilized  at  sexual  maturity  and  during  the  spawning  season. 
The  author  suggests  that  carotenoids  may  have  some  function  other  than 
that  of  their  vitamin  A  activity. 

The  presence  of  vitamin  A  in  mitochondria  was  confirmed  by  Goerner 
in  1938®^  and  1939.^®  After  extracting  mitochondria  by  Bensley  and  Hoerr’s 
method,  he  showed  that  27  to  30  %  of  their  weight  was  made  up  of  lipoids 
which  contained  vitamin  A.  He  found  that  100  mg.  of  mitochondrial  sub¬ 
stance  contained  249  to  910  U.S.P.  units  of  the  vitamin.  He  also  investi¬ 
gated  the  effect  of  injection  of  dibenzanthracene  on  the  vitamin  A  content 
of  liver  mitochondria  and  found  that  it  was  decreased.  He  believed  that 
under  the  influence  of  the  dibenzanthracene  the  liver  appeared  to  lose  its 
ability  to  split  carotene  into  vitamin  A.  Goerner  also  found  that  the  mito¬ 
chondria  of  cells  of  liver  tumors  formed  by  injecting  azotoluene  dyes  into 
animals  contained  no  vitamin  A  whereas  those  of  the  surrounding  healthy 
cells  contained  the  vitamin.  Furthermore,  he  found  that  the  injection  of 
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vitamin  A  increased  the  content  of  this  vitamin  in  the  mitochondria  of 
healthy  cells  but  not  of  tumor  cells. 

In  1941  Popper®®  published  an  extensive  series  of  investigations  of  the 
histological  distribution  of  vitamin  A  based  on  the  localization  of  the  fading 
green  fluorescence  produced  by  the  action  of  ultraviolet  light  on  the  vitamin. 

In  the  liver  Popper  found  that  the  epithelial  cells  contained  numerous 
fine,  fat  droplets  which  in  many  cases  were  aggregated  near  the  borders 
adjacent  to  the  sinusoids  and  were  often  arranged  like  a  string  of  beads. 
Cells  were  seen  in  which  all  stages  of  enlargement  of  these  drops  were  found 
until  they  filled  the  cytoplasm.  All  stages  of  development  of  these  drops 
were  found  to  give  strong  vitamin  A  fluorescence.  Where  a  single  large,  fat 
droplet  filled  the  cell,  Popper  found  that  it  had  a  less  intense  fluorescence 
than  the  smaller  drops.  He  also  found  that  liver  cells  contained  fine  bars 
and  droplets  which  also  gave  a  strong  fluorescence,  and  these  he  admitted 
were  in  form  and  distribution  very  like  mitochondria.  Popper  also  found 
fine  droplets  in  the  Kupffer  cells  which  gave  a  positive  fluorescence  for 
vitamin  A.  He  found  that  in  vitamin  A  depletion  the  vitamin  was  retained 
longest  by  the  Kupffer  cells,  and  that  in  vitamin  A  feeding  these  cells  were 
repleted  before  the  epithelial  cells.  Popper  infers  from  this  that  the  vitamin 
performs  some  important  function  in  these  cells,  and  he  suggests  that  they 
may  extract  vitamin  A  from  the  blood  and  pass  it  to  the  epithelial  cells. 

Popper  has  investigated  the  distribution  of  vitamin  A  by  this  fluorescence 
method  in  a  number  of  tissues  (see  plate  IV,  A-F,  and  plate  V,  0,  E,  F, 
and  G).  In  the  adrenal  of  the  rat  he  found  it  constantly  present  in  the 
small  lipoid  droplets  of  the  zona  fasciculata  but  not  in  the  cells  of  the 
glomerulosa.  In  the  human  being,  however,  it  was  present  in  small  amounts 
in  the  glomerulosa  as  well.  In  the  Leydig  cells  of  the  testis  fine  droplets 
containing  the  vitamin  were  found,  a  positive  reaction  developing  with 
sexual  maturity  and  decreasing  with  involution.  In  the  human  ovary  he 
found  that  vitamin  A  appeared  in  the  third  month  of  postnatal  life.  The 
vitamin  was  present  as  fine  droplets  which  gradually  increased  in  size  and 
number  m  the  granulosa  cells  and  in  maturity  as  a  corpus  luteum  formed 
from  them.  It  is  of  interest  that  he  found  that  the  corpora  lutea  of  preg¬ 
nancy  showed  only  carotene  and  practically  no  vitamin  A  fluorescence 
whereas  the  corpora  atretica  gave  a  strong  reaction.  The  appearance  of 

vitamin  A  in  the  ovarian  cells  appeared  to  be  correlated  with  sex  hormone 

sictivixy. 

In  other  female  tissue  it  was  found  that  the  lipids  of  the  endometrium 
occasionally  showed  the  presence  of  vitamin  A.  In  the  non-lactatinir  mnm- 

risi  '-fV.  1*  1  11  ^Od  a  strong  fluorescence. 

e  epithelial  cells  of  the  small  intestine  gave  a  reaction  onlv  nftpr 
feeding  with  vitamin  A.  and  this  was  most  intense  iit  “per  ptt. 

H.  Popper,  Arch.  Path.  31,  766  (1941). 
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Curiously  enough,  the  epithelial  cells  of  the  skin  gave  no  reaction.  This 
may  be  thought  a  surprising  fact,  considering  the  changes  which  skin  under¬ 
goes  in  vitamin  A  deficiency,  but  it  may  be  that  those  tissues  which  store 
the  least  amount  of  the  vitamin  are  those  which  most  readily  show  the 
effects  of  its  deficiency. 

In  the  eye,  vitamin  A  fluorescence  was  obtained  from  the  rod  and  cone 
layer  of  the  retina,  very  intense  in  the  light-adapted  eye  and  less  intense 
in  the  dark-adapted  eye.  This  is  in  keeping  with  the  view  that  the  protein- 
vitamin  complex,  retinene,  which  is  formed  from  rhodopsin  under  the 
influence  of  light,  liberates  vitamin  A,  which  subsequently  becomes  re¬ 
synthesized  into  rhodopsin. 

Popper  has  been  to  some  pains  to  ascertain  the  reliability  of  the  fluo¬ 
rescence  method  for  demonstrating  vitamin  A.  He  found  that  fluorescence 
is  given  in  the  wavelength  range  of  ultraviolet  at  which  vitamin  A  absorbs 
most  strongly.  The  fluorescence  was  a  bright  green  which  faded  quickly. 
Carotene  under  the  same  conditions  gave  a  dull  green  fluorescence  which 
faded  only  slowly.  Anhydro  (cyclized)  vitamin  A,  which  has  similar  chem¬ 
ical  properties  to  the  vitamin  but  is  biologically  inactive,  gave  a  dark 
brown  fluorescence.  A  variety  of  fats  and  oils  and  fat-soluble  hormones  and 
vitamin^  failed  to  give  a  fading  green  fluorescence.  Furthermore,  the  fading 
green  fluorescence  decreased  progressively  when  an  animal  was  on  a  vitamin 
A-deficient  diet  and  reappeared  when  the  vitamin  was  administered.  There 
seems,  therefore,  to  be  reasonable  ground  for  accepting  the  specificity  of 
the  reaction. 

Very  little  is  known  concerning  the  exact  role  of  vitamin  A  in  cells.  Its 
presence  in  mitochondria  may  indicate  that  it  plays  a  part  in  some  oxida¬ 
tion-reduction  system.  This  is  suggested  by  the  presence  of  five  unsaturated 
bonds  in  its  molecule.  Whether  it  plays  a  part  in  the  building  up  and  main¬ 
tenance  of  cell  structure  is  not  certain,  but  it  has  been  found  to  quicken 
the  growth  and  prolong  the  life  of  tissue  cultures  (Bisceglie®^  and  Baker®®). 
In  this  connection  Batchelder®®  has  shown  that  a  plentiful  supply  of  vitamin 
A  delays  the  onset  of  senility  in  the  rat. 

2.  Vitamin  C 

The  second  vitamin  to  be  demonstrated  histochemically  was  vitamin  C 
(Bourne;'®®’*®^’*®®  see  plate  V,  A).  This  work  was  followed  by  that  of 

”  V.  Bisceglie,  Arch.  Entwicklungsmech.  Organ.  108,  708  (1926). 

L.  E.  Baker,  Proc.  Soc.  Exptl.  Biol.  Med.  33, 124  (1935). 

E.  L.  Batchelder,  Am.  J.  Physiol.  109,  430  (1934). 

G.  H.  Bourne,  Nature  133,  874  (1933). 

G.  H.  Bourne,  Australian  J.  Exptl.  Biol.  Med.  Sci.  11,  261  (1933). 

G.  H.  Bourne,  Nature  132,  859  (1934). 
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Leblond^o^*  and  by  a  series  of  papers  by  Leblond  and  Giroudd®^  The  principle 
of  the  technique  is  based  upon  the  fact  that  the  vitamin  is  a  powerful 
reducing  agent  and  that  it  will  reduce  silver  nitrate  not  only  in  alkaline 
solution,  as  many  other  biological  substancet  do,  but  also  in  neutral  and 


acid  solution. 

The  first  preparations  by  Bourne^'”’  were  made  with  neutral  silver 
nitrate.  First  attempts  to  demonstrate  the  vitamin  were  made  on  the  ad¬ 
renals  (which  are  extremely  rich  in  the  vitamin)  of  cat  and  guinea  pig 
which  had  been  fixed  in  the  vapor  of  formaldehyde.  The  results  obtained 
by  this  method  were  unreliable,  because  it  is  fairly  certain  that  an  appre¬ 
ciable  proportion  of  the  vitamin  was  inactivated  by  the  fixative.  The  next 
preparations^®^  were  made  on  the  adrenal  glands  of  the  human  fetus  with 
a  2  %  solution  of  silver  nitrate  in  70  %  alcohol  which  fixed  the  tissue  and 
was  reduced  by  the  vitamin  more  or  less  simultaneously.  The  fetal  cortex 
was  found  to  give  a  stronger  reaction  than  other  parts  of  the  gland.  In  the 


cells  of  the  gland  the  granules  were  aggregated  particularly  around  the 
nuclei  and  around  lipoid  droplets.  Other  preparations  were  made  using 
chloroform  vapor  to  fix  the  tissue  prior  to  placing  the  gland  in  silver  nitrate. 
In  the  following  year  Leblond  and  Giroud,  and  Leblond  and  Bourne  used 


acidified  silver  nitrate  to  increase  the  specificity  of  the  reaction.  Eventually 
a  precise  technique  was  established  not  only  to  reduce  the  possibility  of 
the  reaction’s  occurring  non-specifically  but  also  to  prevent  light  from 
affecting  the  result. 

In  1928  Szent-Gybrgyi^®^  had  shown  that  the  adrenal  gland  rapidly  went 
black  when  placed  in  silver  nitrate  solution,  indicating  that  it  contained 
a  powerful  reducing  substance.  The  work  of  the  Dunn  Nutritional  Labora¬ 
tory  at  Cambridge  later  established  that  this  silver  nitrate  reaction  was  due 
entirely  to  vitamin  C.  It  was  shown,  for  example,  that  ability  to  reduce 
silver  nitrate  ran  parallel  with  the  antiscorbutic  activity  of  the  gland  and 
that  It  also  ran  parallel  with  the  ability  of  the  gland  extracts  to  reduce 
dichlorophenol  mdophenol,  a  reaction  which  was  shown  to  be  specific  for 
vitamin  C  under  certain  conditions.  Moore  and  Ray^®®  from  theLme  lab 
oratory  also  showed  that  in  scurvy  the  silver  nitrate  "reaction  of  thcTd^ 

isappeared,  a  finding  which  has  since  been  confirmed  by  Bourne  and 
by  Giroud  and  Leblond.  ^  bourne  and 

It  was  also  established  that  a  wide  varipfv  nf 
in.  .ub.ances,  though  a.e  to 

“■a  P.  Leblond,  La  vitamine  C.  dana  I’organiame,  Thesis,  University  of  Paris, 

.™phrG;b^ad»  Cnirlrgl'^Sl  Mono’ 

ioIt  J.  22,  1387  (1928). 

•  Moore  and  S.  N.  Ray,  Nature  130,  997  (1932). 
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were  not  able  to  reduce  it  in  the  acid  solution  or  would  do  so  only  after  a 
long  time  in  the  light. 

The  final  technique  established  for  the  demonstration  of  this  vitamin 
was,  first,  that  scrupulous  chemical  cleanliness  was  required  and,  second, 
that  impregnation  should  be  for  short  periods  of  time  (not  more  than  20 
minutes)  and  should  be  carried  out  in  the  dark.  After  impregnation  the 
tissues  were  treated  with  photographic  “hypo”  to  remove  silver  compounds 
which  might  subsequently  be  reduced  by  the  action  of  light. 

There  is  now  a  considerable  literature  on  the  cytology  of  vitamin  C,  and 
it  is  of  course  impossible  to  refer  to  it  all.  Not  only  has  the  vitamin  been 
found  in  practically  all  cells  of  most  multicellular  animals  but  it  has  been 
demonstrated  in  protozoa,  fungi,  and  algae  by  Allen  and  Bourne^®^  and 
Giroud  and  Leblond  and  by  other  workers  in  the  tissues  of  higher  plants. 
Frangois  and  Rabasy^®*  found  by  the  silver  nitrate  method  that  vitamin 
C  was  present  in  all  eye  tissues  except  the  epithelium  covering  the  ciliary 
process.  They  suggest  that  the  ascorbic  acid  of  the  eye  is  in  a  closed  circuit 
without  continuous  supplies  of  ascorbic  acid  from  the  blood  being  necessary. 
Their  view  is  that  the  oxidized  ascorbic  acid  of  the  lens  passes  into  the 
aqueous  humour  as  required,  being  reduced  again  there.  It  passes  back  to 
the  lens  in  the  reduced  form,  and  so  on. 

Probably  the  greatest  interest  concerning  the  cytology  of  vitamin  C  is 
its  alleged  association  with  the  Golgi  apparatus  in  cells.  Bourne^®®  -  first 
drew  attention  to  the  fact  that  vitamin  C  preparations  showed  aggregates 
of  reduced  silver  in  the  Golgi  region,  but  doubt  was  expressed  as  to  whether 
this  region  was  the  Golgi  region.  Leblond, however,  established  that  this 
was  so,  an  observation  which  was  subsequently  confirmed  by  Bourne'^®  - 
by  Giroud  and  Leblond  (in  various  papers),  and  by  Tonutti.^^^  This  work 
led  to  the  assumption  that  in  a  large  number  of  cells  vitamin  C  may  be 
associated  intimately  with  the  Golgi  material.  Barnett  and  Bourne^ ob¬ 
served  that,  during  the  histogenesis  of  chick  embryos,  in  many  cells  vitamin 
C  appears  to  be  localized  in  the  Golgi  region.  This  was  particularly  evident 
in  nerve  cells  where  in  addition  it  may  occur  along  the  developing  axon. 
In  dividing  cartilage  cells  of  chick  embryos,  the  disposition  of  vitamin  C 
granules  around  the  chromosomes  and  the  spindle  figure  was  strikingly 
similar  to  the  disposition  of  the  Golgi  material.  The  relationship  between 
this  region  and  vitamin  C  staining  granules  has  been  demonstrated  in  a 

107  R.  J.  Allen  and  G.  II.  Bourne,  Australian  J.  Exptl.  Biol.  Med.  Sci.  13,  165  (1935). 

108  J.  Frangois  and  M.  Rabasy,  Ann.  oculist.  183,  820  (1950). 

109  G.  H.  Bourne,  Nature  166,  549  (1950). 

110  G.  H.  Bourne,  Cytology  and  Cell  Physiology,  Clarendon  Press,  Oxford,  2nd  ed., 
1951. 

111  E.  Tonutti,  Protoplasma  31,  151  (1938). 
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number  of  cells;  the  reader  is  referred  to  a  recent  review  on  this  subjectd^® 
Perhaps  one  of  the  most  significant  experiments  is  that  of  Tonutti,^*  who 
injected  the  dye  trypan  blue  (which  is  known  to  be  segregated  in  the  Golgi 
region  of  cells)  and  vitamin  C  together  into  a  pregnant  and  a  normal  ani¬ 
mal.  The  preparations  Avere  subsequently  stained  to  demonstrate  vitamin 
C.  Sections  of  kidney  and  placenta  showed  that  the  vitamin  C  granules 
were  localized  in  the  same  region  as  the  trypan  blue. 

Bourne^®  also  showed  that  vitamin  C  granules  in  the  cells  of  an  ultra- 
centrifuged  adrenal  gland  were  stratified  at  the  same  level  as  the  Golgi 
substance.  Sulkin  and  Kunz^'®  found  that,  in  the  autonomic  ganglia  of  cat, 
guinea  pig,  rabbit,  and  man,  vitamin  C  granules  (silver  nitrate  reaction) 
were  either  distributed  uniformly  throughout  the  cytoplasm  or  limited  to 
the  zone  of  the  Golgi  apparatus.  In  ganglia  removed  from  human  patients 
suffering  from  hypertension  the  ascorbic  acid  of  the  cells  appeared  to  be 
localized  mainly  in  the  zone  of  the  Golgi  apparatus.  Ganglion  cells  that 
had  been  subjected  to  a  prolonged  stimulation  showed  a  reduction  in  their 
content  of  ascorbic  acid. 


The  claim  that  vitamin  C  is  localized  in  the  Golgi  region  has  not  gone 
uncontested.  Barnett  and  Fisher*^'*  pointed  out  that  in  chemical  models 
impregnated  with  vitamin  C  and  then  treated  with  acid/silver  nitrate,  the 
black  deposit  of  reduced  silver  appears  to  be  localized  at  interfaces.  Sosa 
(personal  communication)  believed  that  fixing  the  tissue  with  “hypo”  after 
treatment  with  acid/silver  nitrate  produced  blackening  in  the  Golgi  appa¬ 
ratus.  Deane  and  Morse"^  have  stated  that  if  more  than  3  minutes  elapsed 
between  the  death  of  the  animal  and  placing  of  the  tissues  into  silver  nitrate 
there  was  an  apparent  concentration  of  the  vitamin  in  the  Golgi  region, 
but  there  was  no  concentration  if  the  tissues  were  placed  in  silver  nitrate 
before  that  time.  Bacchus^ie  agreed  with  Deane  and  Morse  in  this  respect. 
Pfuhl  considered  that  a  substance  as  diffusible  as  vitamin  C  is  not  likelv 
o  e  aggregated  m  life  m  a  granular  form  similar  to  that  found  in  the 

nT  lf "'likely,  however,  that  vitamin 
C  IS  in  a  highly  diffusible  condition  in  the  cell,  and,  in  any  case,  segregation 

IS  precisely  what  is  likely  to  happen  to  a  substance  with  as  potent  a  reduc- 

ing  power  as  vitamin  C,  whether  it  is  diffusible  or  not.  In  fact  the  more 

oolgi  complex.  Furthermore,  a  recent  publication  by  Bourne'"’  has  shown 
ha  when  the  penetration  of  acid  silver  nitrate  through  a  tTssue  Wsh” 
.s  observed  under  the  microscope  the  granules  produced  by  1  Son 
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between  vitamin  C  and  the  reagent  appeared  suddenly  in  a  clear  cyto¬ 
plasmic  background  as  the  reagent  penetrated  into  the  cell.  There  was  not 
at  first  a  general  diffuse  darkening  of  the  cytoplasm  followed  by  a  gradual 
appearance  of  the  granules,  as  one  would  expect  if  the  vitamin  was  diffused 
in  the  cytoplasm  and  the  reaction  products  subsequently  aggregated  to¬ 
gether.  A  detailed  reply  to  claims  of  Barnett  and  Fisher”^  has  already  been 
published  by  Bourne, and  a  general  reply  to  criticisms  concerning  the 
localization  of  the  vitamin  can  be  found  in  Bourne’s  chapter  on  “Mito¬ 
chondria  and  Golgi  Complex”  published  in  the  second  edition  of  “Cytology 
and  Cell  Physiology.”"® 

Summing  up  this  controversial  point,  one  can  say  that  at  present  the 
evidence  for  localization  of  the  vitamin  in  the  Golgi  complex  is  strong  but 
that  the  possibility  that  it  may  be  an  artifact  cannot  be  completely  ruled 
out. 

It  is  of  interest  that  the  Golgi  region  of  cells  tends  to  accumulate  vitamin 
C  when  the  cell  is  engaged  in  synthetic  activity.  A  possible  explanation  for 
this  is  that,  since  the  metabolism  of  cells  is  raised  when  they  are  carrying 
out  synthetic  processes,  unless  these  various  products  (which  may  be  pro¬ 
duced  in  the  first  instance  by  mitochondria)  are  protected  by  being  absorbed 
into  a  specially  segregated,  highly  reducing  area  of  the  cytoplasm,  they 
would  be  oxidized  as  rapidly  as  they  are  formed.  Tonutti"^  thinks,  on  the 
other  hand,  that  the  Golgi  apparatus  stores  vitamin  C  and  liberates  it 
slowly  into  the  cytoplasm  in  sufficient  amounts  to  prevent  oxidation  of  cell 
products. 

Vitamin  C  may  also  function  in  other  ways.  It  may  help  to  detoxify 
toxic  substances  which  enter  the  cell  and  tend  to  be  segregated  in  the  Golgi 
region;  it  may  also  modify  the  synthetic  product  in  some  way;  or  it  may 
become  attached  to  the  molecule  to  make  it  water-soluble.  For  example, 
in  the  adrenal  cortex  the  molecules  of  corticosteroid  may  have  vitamin  C 
attached  to  them  in  the  Golgi  complex  for  this  purpose.  A  corticosteroid 
with  vitamin  C  attached  has  been  described. 

The  largest  amount  of  work  on  the  intracellular  distribution  of  vitamins 
appears  to  have  been  carried  out  on  vitamins  A  and  C. 

3.  Riboflavin 

Most  other  vitamins,  notably  those  of  the  B  complex,  have  been  localized 
by  fluorescence  microscopy,  although  Chevremont  and  Comhaire"®  de¬ 
scribed  a  histochemical  method  for  demonstrating  riboflavin.  By  treating 
tissues  with  nascent  hydrogen  to  reduce  the  riboflavin  to  leucoflavin  and 
then  oxidizing  it  to  rhodoflavin,  these  authors  were  able  to  demonstrate 

G.  H.  Bourne,  Nature,  163,  254  (1944). 
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bright  red  granules  in  the  cytoplasm  of  cells.  The  greenish  fluorescence  of 
riboflavin  to  indicate  the  distribution  of  the  vitamin  in  living  tissues  was 
used  by  Ellinger  and  Koscharafl^^  von  Euler  and  his  colleagues/^o  Hirt  and 
Wimmer,i2i  and  Metcalf  and  Patton.^^^  ^one  of  this  work,  however,  can 
be  regartled  as  providing  details  of  the  intracellular  localization  of  the 
vitamin.  Sjbstrand,!'*’  who  analyzed  microspectrographically  the  green 
fluorescent  light  gi\'en  off  by  riboflavin  under  ultraviolet  stimulation, 
showed  that  the  vitamin  would  be  localized,  for  example,  in  the  choroidea 


of  the  frog’s  eye.  The  demonstration  of  riboflavin  by  a  fluorescence  method 
in  the  guinea  pig  is  shown  by  plate  V,  B.  Ellinger’-®  has  also  shown  that 
another  form  of  riboflavin  exists  which  gi\'es  an  orange-brown  fluorescence 
with  ultraviolet  light;  this  is  thought  to  be  a  bound  form  or  riboflavin, 
possibly  a  flavoprotein  enzyme.  It  is  of  interest  that  Metcalf^®  has  found 
that  the  bound  riboflavin  in  the  tissues  of  the  cockroach  is  converted  into 
the  free  form  by  injections  of  pantothenic  acid. 


4.  Thiamine 


In  an  alkaline  solution  the  greenish  fluorescence  of  riboflavin  in  tissues 
is  replaced  by  a  liluish-white  fluorescence  characteristic  of  aneurin  or  thi¬ 
amine.  As  a  result  of  the  application  of  this  fact  Sjostrand’^"*.  12^  was  able, 
by  his  microspectrographic  method,  to  localize  vitamin  Bi  (aneurin  or 
thiamine)  in  the  myelin  sheath  of  medulated  nerves  (see  plate  \  ,  D).  Smits 
and  Florijn’-^  found  that  in  the  red  cells  of  chickens  70  %  of  the  vitamin  Bi 
pyrophosphate  was  (“oncentrated  in  the  nuclei.  Since  these  nuclei  occupied 
only  10%  by  volume  of  the  cell,  there  was  thus  a  concentration  of  vitamin 
phosphate  in  the  nuclei  eiiual  to  twenty  times  that  of  the  cytoplasm.  The 
nuclei  in  this  work  were  isolated  by  differential  centrifugation. 


5.  Pterines 

Jacobson’28  has  found  that  an  orange-yellow  fluorescence,  which  he  was 
able  to  localize  in  the  argentaffin  cells  of  the  alimentary  tract,  was  produced 
by  certain  pterines.  These  were  related  to  the  iiterine  substance,  folic  acid. 

P.  Ellinger  and  W.  Koschara,  Her.  60,  315,  808  (1933). 

'»  11,  VO,,  Kuler  HJIellstrom,  »,„1  E.  A, Her,  Z,  21,  739  (1035) 

t  18,  733,  76.5  (10.30) 

I  .  Sjostrand,  feature  150,  698  (1946).  ' 

t .  Sjostrand,  Acta  Physiol.  Scand.  12,  42  (1946). 

P.  Ellinger,  Hiochem.  J .  32,  376  (1938), 

127  ■  ('ellular  ('omp.  Physiol.  19,  1  (1943) 

.28  J’-  Biochim.  et  Biophys.  Acta  5,  297  (1950) 

W.  Jacobson,  J.  Path.  Pact.  49,  1  (1939). 
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().  Nicotinic  Acid 

\\'arhui-g  ill  1938*-®  pointed  out  thut  diliydropyridine  (dihydrocoenzyme, 
which  contains  nicotinic  acid)  gives  marked  white  fluorescence  with  ultra¬ 
violet  light.  In  sections  of  living  liver  tissue  small  granules  with  a  whitish 
fluorescence  can  be  seen  in  the  cytoplasm  of  the  cells. 

7.  \'lT.\MIN  K 

\dtamin  K  also  gives  a  characteristic  fluoresi^ence  under  ultraviolet  light, 
but  little  attention  appears  to  ha\'e  been  given  to  the  use  of  this  property 
for  cytological  localization. 

Addendum.  Xanthine  oxidase  has  been  shown  recently  (Bourne  (1.  H. 
Nature.  In  press)  tube  localized  in  granular  form  in  the  cytoplasm  of  cells 
in  kidney,  liver,  spleen,  and  small  intestine. 

'2*  ().  Warhurs,  Enjeb.  Emijmforsch.  7,  210  (11)3<S). 
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Plate  I 

.1.  Succinic  dehydrogenase  in  the  cortex  of  rat  kidney.  All  tubule  cells  rich  in 
enzyme  activity.  Glomeruli  negative.  B.  Succinic  dehydrogenase  in  a  skeletal 
muscle  fiber  of  the  rabbit,  showing  localization  of  enzyme  in  sarcosomes  between 
the  muscle  fibrils  (sarcosomes  are  mitochondrial  in  origin).  C.  Succinic  dehydro¬ 
genase  in  the  kidney  of  the  rat.  Strong  positive  reaction  given  by  Henle’s  looi)s. 
Distal  parts  of  collecting  tubes  completely  negative. 


INTRACELLULAR  LOCALIZATION  OF  ENZYMES  AND  VITAMINS 


33 


34 


GEOFFREY  II.  BOURNE 


Plate  II 

.1.  Part  of  tlie  c“erel)niin  of  the  rat,  showing  localization  of  an  enzyme  splitting 
vitamin  Bx  pyrophosphate  in  the  neurones.  i)H  6.S~7.t).  B.  Cerebellar  cortex  of  the 
rat,  showing  localization  of  an  enzyme  splitting  vitamin  Bi  pyrophosphate.  Purkinje 
cells  and  glial  cells  positive.  i)H  6.5.  C.  Localization  of  an  enzyme  splitting  aienosine 
monophosphate  in  the  brain  of  the  rat.  Fibers  positive.  Nerve  cells  negative  except 
for  nucleoli.  i)H  6.5.  D.  Localization  of  an  enzyme  splitting  adenosine  triphospliate 
in  rat  brain,  showing  i)nsitive  reaction  in  glial,  neuronal,  and  vascular  wall  nuclei. 
pH  6.5.  E.  Cerebellum  of  the  rat,  showing  si)ecific  localization  ot  an  enzyme  splitting 
glycerophosphate  (acid  phosi)hat ase)  in  Purkinje  cells  ot  rat.  pH  5.3.  F.  Single 
neurones,  showing  localization  of  an  enzyme  splitting  glycerophosphate  (acid  phos¬ 
phatase).  Cytoplasm  and  nucleolus  positive.  pH  5.3.  G.  Single  neurone  from  the 
hypoglossal  nucleus  of  rat  brain,  showing  localization  of  an  enzyme  splitting  adeno¬ 
sine  monophosphate.  Kxcept  tor  taint-  positive  nucleolus,  cell  body  and  nucleus  are 
unstained.  Surrounding  fibres  are  i)ositive  pH  6.5.  H .  Simple  esterase  localized  in 
the  Purkinje  cells  of  rabbit  cerebellum.  i)H  9.0.  I.  Single  neurone  from  the  hypoglos¬ 
sal  nucleus  of  rat  brain,  showing  localization  of  an  enzyme  s|)litting  adenosine  tri¬ 
phosphate.  Nucleolus  strongly  positive  and  cytoplasm  lightly  ])ositive.  pH  6.5. 

4,  B,  C,  I),  E,  F,  G,  and  /  are  by  courtesy  of  1).  Naidoo  and  ().  E.  Pratt  and  the 
Journal  of  Xeurology,  Neurosurgery  and  Bsychialry. 
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Plate  III 

.1.  Simple  esterase  in  tlie  nasal  mucosa  of  the  ral)l)it.  Positive  reaction  given  hy 
epithelium  aTul  Bowman’s  glaiuis.  Distal  i)ortion  of  epithelium  negative.  B.  Simple 
esterase  in  rabbit  liver.  All  cells  possess  considerable  enzyme  activity.  Cells  sur¬ 
rounding  the  portal  vessels  have  slightly  more  activity  than  more  central  cells.  It  is 
possible  that  some  of  the  reaction  in  this  organ  may  be  due  to  lipase  in  the  hepatic 
cell.  C .  Lipase  in  the  nasal  mucosa  of  the  rabbit.  Only  Bowman’s  glands  are  positive. 
Epithelium  (at  bottom)  is  negative  (cf.  A).  I).  Simple  esterase  in  the  convoluted 
tubules  of  kidney.  E.  Simple  esterase  in  the  basal  part  of  crypts  in  rabbit  duodenum. 
Positive  reaction  is  also  given  by  epithelial  cells  of  villi.  F.  Localization  of  radioactive 
methionine  (containing  ^*S)  in  the  shafts  of  develo])ing  hair.  Walls  of  follicles  also 
positive.  This  technique  has  not  yet  been  applied  to  vitamins  and  enzymes,  but  it  is 
an  obvious  new  development.  G.  Nuclease  in  cells  overlying  taste  buds  in  the  papilla 
foliata  of  the  rabbit.  Everything  else  is  negative.  H .  Nuclease  in  the  duodenum  of  the 
rabbit  after  accentuation  with  (juinine.  Brunner’s  glands  and  muscle  coat  negative. 
Mucosa,  and  particular  epithelium  of  villi,  positive.  I.  Cholinesterase  in  small  sym- 
j)athetic  ganglion  in  tongue  muscle.  Note  nuclear-membrane  reaction. 
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Plate  IV 

Vitamin  A  demoiist rattnl  in  the  liver  and  the  adrenal  gland  of  the  rat  by  fluores¬ 
cence  method.  .1.  Liver  of  a  rat  deficient  in  vitamin  A.  \o  fluorescence.  B.  Liver  of 
a  normal  rat.  Moderate  amounts  of  vitamin  A  fluorescence  are  present  in  the  Kupffer 
cells  and  at  places  in  fine  dro{)lets  at  edges  of  liver  cells.  (' .  Liver  of  a  rat  made  hyper- 
vitaminotic  with  vitamin  A.  Marked  vitamin  A  fluorescence  is  seen  in  the  Kupffer 
cells  which  have  apparently  proliferated.  Moderate  amounts  of  fluorescence  in  small 
lipoid  droplets  within  the  liver  cells.  1).  Adrenal  of  a  vitamin  A-deficient  rat.  No 
fluorescence.  E.  Adrenal  of  a  well-fed  raf.  Moderate  amounts  of  vitamin  A  fluores¬ 
cence  are  seen  in  the  lipoid  droplets  of  the  zona  fasciculata.  F.  Adrenal  of  a  rat  made 
hypervitaminotic  with  vitamin  A.  There  is  striking  vitamin  A  fluorescence  of  the 
lipoid  droplets  of  the  fascicular  layer.  The  lipoid  droplets  of  the  zona  glomerulosa 
are  free  of  vitamin  A  fluorescence. 

C'ourtesy  of  Dr.  Hans  Popper  and  the  Archives  of  Falholociji. 
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Plate  V 

.4.  Vitamin  C'  in  the  adrenal  cortex.  A  concentration  of  granules  at  the  junction 
of  capsule  and  zona  glomerulosa  can  he  seen.  Glomerulosa  and  fasciculata  cells  show- 
granules  associated  with  the  nucleus.  B.  Riboflavin  in  the  convoluted  tubule  cells 
of  the  guinea  pig  kidney.  The  granules  of  riboflavin  are  similar  in  form  and  distribu¬ 
tion  to  mitochondria.  (Courtesy  of  Dr.  Sjostrand.)  C.  Vdtamin  A  in  villi  of  the 
jejunum  of  the  rat  after  an  oral  intake  of  5000  l.U.  of  vitamin  A.  Strong  vitamin  A 
fluorescence  is  shown  by  droplets  within  the  lumen,  and  moderate  fluorescence  by 
the  epithelial  lining  and  by  cells  in  the  center  of  the  villi.  (Courtesy  of  Dr.  Hans 
Popper.)  D.  Thiamine  (vitamin  Bi)  in  the  sciatic  nerve  of  the  rabbit.  The  reaction  is 
probably  due  to  the  spontaneous  oxidation  of  thiamine  to  thiochrorne.  The  reaction 
is  seen  to  be  localized  in  the  myelin  sheaths  of  the  nerve  fibers.  (Courtesy  of  Dr.  hb 
Sjostrand.)  E.  V'itamin  .4  in  the  jejunum  of  the  rat  after  oral  intake  of  80,()()()  LPT. 
of  vitamin  A.  Particularly  strong  fluorescence  is  shown  by  the  lacteals  within  the 
villi.  (Courtesy  of  Dr.  Hans  Popper.)  F .  Vdtamin  A  in  the  rat  ovary.  Cords  of  inter¬ 
stitial  cells  are  rich  in  vitamin  .4  fluorescence.  (Courtesy  of  Dr.  Hans  Popper.)  G. 
Vutamin  .4  in  the  lung  of  the  white  rat.  .41veolar  septa  and  iieribronchial  tissue  posi¬ 
tive.  (Courtesy  of  Dr.  Hans  Popper.) 
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I.  Introduction 

oni.' tvn!’^  -'i tlierefore  pniviiles  us  with 
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I, in  t,  ■  'Vi  K'lK'ies  must,  of  eoiir.se,  first  express  themselves  as 

■oihemieal  lesions;  reference  to  these  will  he  found  elsewhere  in  this  hook 

microscopic,  the,; 

aspects  of  these  changes.  Since  ai  lert  w,:  i::X Ir 
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subject,  it  is  not  surprising  that  in  the  limited  compass  of  one  chapter  it  is 
impossible  to  deal  adecpiately  with  or  indeed  even  to  mention  much  of  the 
mass  of  work  which  has  gone  before.  Some  general  summaries  already  exist; 
the  author  would  like  to  mention  expecially  Mason’s'^  review  (1939),  “The 
\  itamins  and  the  Sex  Glands”;  Wolbach  and  Bessey’s-  review  (1942);  Eddy 
and  Dalldorl’s''*  book  (1944);  and  Follis’s'*  book  (1948);  all  these  have 
been  drawn  upon  liberally  in  compiling  portions  of  the  present  discussion. 


II.  Vitamin  A  Deficiency 

1.  General  Effects 


Vitamin  A  deficiency  has  been  characterized  (Eddy  and  DalldorE)  by 
three  cardinal  .signs:  xerophthalmia,  dermatosis,  and  night  blindne.ss.  The.se 
pathological  conditions  have  been  recognized  ffom  the  time  of  Hippocrates, 
and  their  occurrence  has  been  known  in  many  parts  of  the  world  since  then. 
It  is  only  recently,  of  course,  that  knowledge  of  vitamins  has  rendered  their 
cause  more  obvious. 

The  precise  metalmlic  function  of  vitamin  A  is  not  known,  but  it  may  be 
concerned  particularly  with  some  metabolic  process  peculiar  to  epithelial 
cells,  since  these  cells  provide  one  of  the  earliest  manitestations  of  deficiency 
of  this  vitamin.  It  appears  to  be  concerned  with  other  ti.ssues  of  ectodermal 
origin,  such  as  the  retina  of  the  eye  and  the  nervous  sy.stem  in  general,  but 
there  is  also  some  association  with  the  mesodermal  structures,  such  as  bone. 
If  vitamin  A  is  added  to  tis.sue  cultures  (Bi.sceglie^  and  Baker®)  it  increases 
the  rate  of  growth  of  fibroblasts,  which  .suggests  that  it  is  a  growth  factor. 
It  is  of  interest  that  Fell  and  Mellanby^  have  .shown  that,  it  the  long  bones 
of  late  mou.se  fetiLses  are  cultivated  in  a  medium  to  which  large  amounts 
of  vitamin  A  are  added,  the  normal  growth  of  the  bones  in  such  media  is 
inhibited  within  3  days,  and  the  cartilage  softens,  becomes  .shrunken,  and 
eventually  disappears.  In  the  .shaft  itself  cartilage  is  replaced  by  marrow 
tissue.  Although  bone  growdh  wais  retarded  by  these  large  amounts  of 
vitamin  A,  the  .soft  tissues  associated  with  the  bone  continued  to  grow 
normally.  Barnicot,®  too,  has  shown  that  if  vitamin  A  acetate  is  applied  to 
the  surface  of  a  young  bone  it  cause's  local  bone  resorption.  He  points  out 


1  K.  K.  Mason,  Sox  and  Internal  Soerotions,  2nd  od.,  lladhere,  Tindall  and  Cox, 
Condon,  193t). 

2S.  H.  Wolhach  and  ().  A.  Bos.soy,  Phi/siol.  Revs.  22,  2'S.i  (1942). 

3  W.  H.  Kddy  andCl.  Dalldorf,  The  Avitaminoses,  3rd.  ed.,  Williams  and  W ilkins, 

Baltimore,  1944. 

Mi.  II.  Follis,  The  I’atholoK.y  of  Nutritional  l)isea.ses,  Blaekwell,  1!)4S. 

5  V.  Biseetelie,  Arch.  EntwicklurKjsmech .  Onjan.  108,  7()S  (1926). 

*  Ij.  h].  Baker,  Proc.  Sac.  Kxptt.  liiol.  Me<l.  33,  124  (193.5). 

7  n.  B.  Fell  and  F.  Mellanhy,  Bril.  Med.  ./.  ii,  53,5  (19,50). 

*N.  Barnicot,  Nature,  162,  S4S  (194S). 
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that  this  result  is  in  accordance  with  reports  that  vitamin  A  deficiency 
causes  overgrowth  of  bone. 

The  classical  paper  on  the  histological  changes  in  vitamin  A  deficiency 
was  that  of  Wolbach  and  Howe,®  published  as  long  ago  as  1925.  Wilson 
and  du  Bois^®  had  described  changes  in  the  epithelial  structures  in  man  in 
vitamin  A  deficiency  in  1922,  however,  and  in  the  same  year  Evans  dis¬ 
covered  (see  ref.  1 )  that  female  rats  on  a  vitamin  A-deficient  diet  gave 
vaginal  smears  which,  instead  of  going  through  the  usual  cycle  of  cornified 
cells,  lymphocytes,  nucleated  cells,  and  cornified  cells  (a  change  which  is 
coincident  with  the  cyclical  changes  taking  place  in  the  reproductive  system, 
the  cornified  cells  representing  the  stages  of  estrus),  produced  cornified  cells 
all  the  time.  They  found  that  this  change  appeared  earlier  than  xeroph¬ 
thalmia.  Despite  the  abnormal  nature  of  the  vaginal  smears,  Evans  found 
that  estrus  and  ovulation  continued  to  take  place  but  that  if  copulation 
took  place  during  this  period  both  fertilization  and  implantation  were  likely 
to  fail.  In  this  way  the  effect  of  vitamin  A  deficiency  differs  from  that  of 
vitamin  E  deficiency;  in  the  latter  fertilization  and  implantation  occur,  but 
resorption  of  the  developing  embryo  follows. 

It  is  probably  better  to  deal  now  with  the  effect  of  vitamin  A  deficiency 
on  different  organs  and  tissues  rather  than  continue  the  story  from  the 
historical  point  of  view. 


2.  Epithelia 

Under  vitamin  A  deficiency  the  various  epithelia  of  the  body  undergo 
metaplastic  changes.  As  a  general  rule,  more  differentiated  epithelia,  such 
as  the  columnar  and  ciliated  varieties,  regress  to  a  simpler  type  of  epi¬ 
thelium  of  the  stratified  type  (see  Fig.  6).  Epithelia  which  are  normally 
stratified  become  more  cornified.  Wolbach  and  Howe®  showed  that  the 
earliest  epithelial  changes  occurred  in  the  respiratory  system.  Next  the 
ducts  of  various  glands  were  affected,  then  the  eyes,  and  about  the  same 
time  there  were  changes  in  the  epithelium  of  the  glands  associated  with  the 
eyes  and  of  the  alimentary  tract. 

Wolfe  and  Salteri^  showed  that  in  white  mice  suffering  from  vitamin  A 
deficiency  the  stratified  keratinized  cells  which  replaced  columnar  and 
ciliated  epithelia  appeared  in  small  clumps  below  the  normal  cells.  These 
clumps  then  grew  peripherally  and  gradually  extended  beneath  the  ap¬ 
parently  normal  epithelium.  This  epithelium  seemed  to  be  able  to  survive 
or  some  time,  even  though  its  connection  with  the  underlying  connective 
tissue  had  been  severed  by  the  spreading  sheets  of  keratinized  cells 

Wolfe  and  Salter,  like  Wolbach  and  Howe,  found  that  the  first  signs  of 

10  t'  a 22,  400  (1925) 

11  ri  u  Children  26,  431  (1922) 

D.  M.  Wolfe  and  H.  P.  Salter,  J.  Nutrition  4,  185  (1931). 
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epithelial  metaplasia  occurred  in  the  respiratory  mucosa  but  that  these 
lesions  were  quickly  followed  by  xerophthalmia.  In  the  nares,  the  trachea, 
and  the  bronchi  they  found  marked  desquamation  of  cells.  They  found  that 
bronchiectasis  was  common  in  the  lungs,  probably  owing  to  the  blocking 
of  the  bronchi  and  bronchioles  by  masses  of  desciuamated  cells.  The  oc¬ 
currence  of  islets  of  stratified  cells  among  the  respiratory  epithelium  has 
also  been  described  by  de  Ruytei-i^  and  other  authors.  Metaplastic  epi¬ 
thelial  changes  have  been  described  in  the  guinea  pig  and  the  rat  by  Wol- 
bach  and  Howe.®’  Smitld^  has  described  these  same  processes  in  the  fox, 
and  Tielder  and  Miller^^  have  described  them  in  the  monkey.  Epithelial 
changes  have  also  been  described  in  man,  cattle,  swine,  dog,  rabbit  (Wol- 
bach^®),  and  fowl  (Beach^^).  Wolbach  has  claimed  that  there  is  an  increased 
growth  activity  in  epithelia  in  vitamin  A  deficiency,  but  this  is  not  ac¬ 
cepted  by  all  workers,  notably  Friedenwald  et  These  workers  carried 
out  counts  of  mitotic  cells  in  healing  corneal  wounds  in  normal  and  vitamin 
A-deficient  animals  and  found  that  there  was  30%  less  mitosis  in  the 
deficient  animals. 

A  striking  early  metaplastic  change  is  the  stratification  and  keratiniza- 
tion  of  the  ducts  of  the  salivary  glands  and  of  the  pancreas.  Superficial  cells 
are  desquamated  into  the  lamina  of  these  ducts  and  serve  to  block  them. 
At  a  later  stage  the  epithelial  acini  may  be  involved,  although  this  does  not 
occur  in  the  pancreas  where  the  changes  appear  to  be  restricted  to  the 
ducts. 

The  skin  of  mature  animals  becomes  rougher  and  more  heavily  cornified 
in  vitamin  A  deficiency,  and  Nicholls‘®  has  described  a  hyperkeratinization 
of  the  epidermis  in  human  beings  which  he  calls  “toad  skin”  and  which  he 
claims  is  due  to  vitamin  A  deficiency.  Absence  of  sweat  in  human  beings 
suffering  from  vitamin  A  deficiency  may  be  due  to  blocking  of  the  sweat 
gland  ducts  by  desquamated  cells.  In  animals,  blocking  of  the  sebaceous 
gland  ducts  leads  to  degeneration  of  the  hair  follicles  (Bamalingaswami 
and  Sinclair®®).  These  authors  have  also  adduced  evidence  that  “toad  skin” 
is  due  to  deficiency  of  unsaturated  fatty  acids. 

Wolbach  and  Bessey®'  have  described  the  sequence  of  changes  which 
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take  place  in  a  metaplasing  epithelium  in  vitamin  A  deficiency  as  “atrophy 
of  the  epithelium  concerned,  reparative  proliferation  of  basal  cells,  an 
growth  and  differentiation  of  the  new  products  into  a  stratified  keratmismg 
epithelium.  Regardless  of  the  original  function  and  structure  of  the  region, 
this  replacement  epithelium  is  identical  in  all  locations,  and  compara  d  e 
in  all  its  layers,  with  epidermis.”  The  authors  go  on  to  point  out  that 
epithelial  cells  with  what  they  describe  as  “chemical”  roles,  such  as  the 
liver  cells  and  the  tubules  of  the  kidneys,  do  not  atrophy  in  vitamin  A 
deficiency  nor  are  they  replaced  by  keratinized  epithelium. 


3.  Alimentary  Tract 

Both  Cramer22  and  de  Ruyter^^  h^ve  found  an  atrophy  of  the  mucous 
glands  and  disappearance  of  the  goblet  cells  in  the  alimentary  tract.  Gen¬ 
erally  speaking,  however,  the  changes  which  take  place  in  the  alimentary 
tract  in  vitamin  A  deficiency  are  not  severe.  Wolbach  and  Bessey^^  state 
that  the  mucosa  of  the  stomach  and  intestines  does  not  undergo  keratiniz¬ 
ing  metaplasia,  though  they  think  there  may  be  some  mucosal  atrophy  in 
the  intestine.  Wolfe  and  Salter^*  found  no  changes  in  the  stomach  and  in¬ 
testines  of  the  white  mice  on  A-deficient  diets,  but  they  found  excessive 
desquamation  of  stratified  squamous  cells  in  the  esophagus  (see  Figs.  8  and 

9). 


4.  Gums 

Hyperplastic  keratinized  gums  result  from  vitamin  A  deficiency.  King-® 
and  May  Mellanby  (see  E.  Mellanby®'*)  found  that  vitamin  A  was  necessary 
for  the  proper  formation  of  the  epithelium  of  the  gum  margin  in  puppies. 
In  deficient  animals  the  gum  epithelium  was  found  to  be  hyperplastic  and 
to  become  readily  infected  whereas  the  normal  gum  epithelium  was  thin 
and  had  an  intrinsic  resistance  to  infection. 

5.  Liver  and  Lymphoid  Organs 

Changes  in  the  ducts  of  some  of  the  glands  associated  with  the  alimentary 
tract  have  been  mentioned.  Although  Wolbach  and  Howe  point  out  that 
there  is  little  change  in  the  morphology  of  the  liver  cells  in  vitamin  A 
deficiency,  de  Ruyter^^  has  drawn  attention  to  the  fact  that  both  glycogen 
and  fat  disappear  from  the  liver  cells.  De  Ruyter  has  also  found  changes 
in  the  Kupffer  cells,  i.e.,  an  accumulation  of  fat,  swelling,  and  some  break¬ 
down  of  the  nuclei.  He  has  also  found  that  in  the  spleen  the  reticular  cells 
at  first  swell  and  then  atrophy,  and  accompanying  this  is  failure  on  the  part 
of  these  cells,  and  also  of  the  Kupffer  cells,  to  phagocytose  trypan  blue. 
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In  the  Malpighian  corpuscles  of  the  spleen  there  was  loss  of  lymphocytes, 
and  this  was  found  also  in  the  Peyer’s  lymphoid  patches  of  the  ileum  and 
in  the  small  lymphoid  nodules  underlying  the  respiratory  mucosa.  This 
disappearance  of  lymphoid  cells  was  reflected  in  a  decreased  number  of 
lymphocytes  in  the  blood.  Another  lymphoid  structure  that  degenerates  in 
vitamin  A  deficiency  is  the  thymus,  which  undergoes  almost  complete 
atrophy  (Wolfe  and  Salter. “)  This  finding  was  confrmed  by  de  Ruyter,*^ 
who  found,  in  addition,  that  the  corpuscles  of  Hassall  had  become  greatly 
enlarged  and  highly  keratinized.  Jungherr  et  have  found  a  focal  ne¬ 
crosis  and  also  a  cirrhosis  of  the  liver  in  young  A-deficient  calves,  but  they 
thought  that  this  may  have  been  due  to  an  intercurrent  infection  which 
was  exacerbated  by  the  deficiency. 

6.  Eyes 

One  of  the  most  characteristic  and  clinically  obvious  signs  of  vitamin  A 
deficiency  is  xerophthalmia.  This  condition  was  originally  claimed  (Mori^®) 
to  be  due  to  desiccation,  as  a  result  of  failure  of  lachrymal  secretion.  Mori 
pointed  out  that  in  xerophthalmia  the  lachrymal  glands  are  shrunken  and 
the  Harderian  glands  dilated  or  empty,  and  that  in  the  Meibomian  glands 
the  epithelium  of  the  ducts  become  hyperplastic  and  prevent  the  passage 
of  the  secretion  of  the  gland.  Wolbach  and  Howe,®  however,  stated  that 
keratinization  of  the  cornea  and  the  conjunctiva  could  occur  in  the  absence 
of  any  significant  changes  in  the  para-ocular  glands,  and  Findlay®^  suggested 
that  perhaps  the  keratinization  was  due  to  a  loss  of  lysozyme  in  the  tears. 

Wolbach  and  Howe®  have  pointed  out  that  the  primary  changes  effected 
by  vitamin  A  deficiency  in  the  eye  are  epithelial  in  nature.  Wolfe  and  Salter^* 
described  the  eye  changes  in  the  deficient  mouse  and  stated  that  there  was 
first  a  severe  granular  exudate  which,  unlike  that  found  in  the  rat,  was  not 
hemorrhagic.  This  was  followed  by  the  keratinization  and  desquamation  of 
the  epithelium  of  the  palpebral  conjunctiva  and  by  a  slight  keratinization 
and  desquamation  of  the  cornea,  together  with  an  infiltration  of  leucocytes 
into  this  site.  Although  Bowman’s  membrane  in  the  cornea  sometimes 
persisted,  in  some  animals  it  completely  disappeared  (see  Figs.  1  and  2). 
In  some  cases  there  was  a  considerable  increase  in  the  thickness  of  the 
cornea,  and  in  most  cases  a  considerable  increase  in  the  vascularity  of  the 
substantia  propria  of  the  cornea  which  became,  at  the  same  time,  very 
edematous.  In  the  anterior  chamber  of  the  eye  a  number  of  polymorphs 
were  found.  Mori®«  found  that  in  the  rat  these  changes  were  followed  by  a 
softening  of  the  cornea  which  became  infected  and  ultimately  perforated. 
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Mellanby^®  expressed  the  opinion  that  these  changes  in  the  eye  were 
secondary  to  a  loss  of  the  neurotrophic  control  which  was  normally  exerted 
on  the  cornea  by  the  ophthalmic  division  of  the  trigeminal  nerve.  He  has 
pointed  out  that  where  xerophthalmia  is  present  there  is  always  degenera¬ 
tion  of  the  myelin  sheath  of  the  trigeminal  nerve  and  that  in  severe  xeroph¬ 
thalmia  this  nerve  shows  Wallerian  degeneration,  which  means  in  fact 
complete  destruction  of  the  nerve  as  a  conducting  unit.  Ida  Mann  and 
A.  Pirie29  have  made  a  detailed  study  of  the  changes  in  the  eye  of  the 
rabbit  in  the  course  of  vitamin  A  deficiency.  Observation  of  the  cornea 
with  a  slit  lamp  showed  changes  to  be  present  before  any  detectable  his¬ 
tological  changes  could  be  seen.  They  found  that  in  deficient  rabbits  the 
surface  layer  of  the  corneal  epithelium  was  always  keratinized  but  that 
not  much  change  could  be  seen  in  the  basal  layers  of  the  epithelium  or  in 
the  substantia  propria.  They  found  rather  more  dividing  cells  than  normal 
in  the  basal  layers  of  the  cornified  epithelium  on  the  outside  of  the  cornea. 
Keratinization  of  the  lining  epithelium  of  the  eyelids  was  also  found.  This 
was  likewise  present  in  the  conjunctiva,  where  there  was  also  a  great  thick¬ 
ening  of  the  conjunctival  epithelium  and  an  increase  of  pigment  in  the  basal 
cell  layers.  They  found  no  changes  in  the  Harderian  glands,  but  an  atrophy 
of  the  tubules  and  keratinization  of  the  ducts  of  the  lachrymal  glands  was 
present. 


In  addition  to  changes  in  the  cornea  and  conjunctiva  in  vitamin  A- 
deficient  rats  there  are  also  changes  in  the  retina.  These  were  first  described 
by  Tansley®o  and  were  later  also  described  in  rats  by  Johnson®^  and  in  the 
horse  by  Anderson  and  Hart.*^  The  first  histologically  detectable  change  in 
the  retina  is  the  failure  of  the  rod  cells  to  stain  differentially  with  certain 
dyes.  Later  the  junction  between  the  outer  and  inner  limbs  of  rods  becomes 
very  thin,  and  the  rod  may  break  at  this  point.  Subsequently  the  rods  take 
on  a  ragged  appearance  and  may  be  separated  from  the  pigment  epithelium 
and  from  themselves  by  large  vacuolar  spaces.  Changes  as  extensive  as 
these  were  not  found  in  the  rabbit  by  Mann  and  Pirie,  but  they  did  find  a 
number  of  degenerated  nuclei  both  among  the  rods  (outer  nuclear  layer) 
and  among  the  bipolar  cells  (inner  nuclear  layer).  These  areas  of  degenera¬ 
tion  were  quite  small,  however,  and  seemed  to  be  confined  to  small  areas 
m  the  central  retina.  In  some  cases  there  was  also  a  breaking  up  of  the  rods 
m  these  areas  In  one  animal  they  found  that  the  retina  appeared  healthy 

but  one  part  (the  section  of  the  retina  distal  to  the  inner  nuclear  layer)  had 
completely  disappeared.  ’ 
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Warkany  and  Schaffenberger*®  have  shown  that  a  high  percentage  of 
young  rats  born  from  female  rats  on  a  vitamin  A-deficient  diet  showed  eye 
defects.  In  most  of  them  the  eyes  were  open  instead  of  closed  at  birth,  and 
they  showed  a  red  discoloration  between  the  lids.  Histological  examination 
showed  a  fibrous  retrolenticular  membrane  in  place  of  the  vitreous.  In  all 
specimens  there  were  also  colobomas,  eversion,  and  abnormal  structures  of 
the  retina  with  rudimentary  development  of  the  iris  and  of  the  ocular 
chambers  in  many  specimens.  Defects  of  the  cornea  and  the  conjunctival 
sac  were  also  found.  Johnson®^  found  that  in  mild  A  deficiency  there  was  a 
disappearance  from  the  retina  of  the  droplets  associated  with  visual  purple. 
Bergen®'*  found  that  the  nuclei  of  the  retina  of  normal  rats  contained 
carotenoids  but  that  these  disappeared  in  A-deficient  rats.  In  more  severe 
deficiency  Johnson  found  that  the  elements  of  the  retina  dissappeared  in 
this  order:  rod  segments,  external  limiting  membrane,  outer  nuclear  layer, 
epithelial  pigment  layer,  outer  molecular  layer,  and  inner  nuclear  layer. 

7.  Urogenital  System 

Wolfe  and  Salter**  showed  that  in  the  vitamin  A-deficient  mouse  there 
were  extensive  changes  in  the  bladder  and  pelvis  of  the  kidney.  They 
found  that  the  normal  epithelium  was  replaced  by  one  which  had  become 
keratinized  and  that  the  bladder  had  become  filled  with  desquamating 
cells  (see  Figs.  12  and  13).  There  was  also  desquamation  of  the  epithelium 
in  the  pelvis,  and  the  kidney  itself  showed  evidence  of  leucocytic  infiltration. 
There  were,  however,  no  morphological  changes  in  the  cells  of  the  kidney 
tubules.  It  has  been  pointed  out  by  Bicknell  and  Prescott®®  that  the  cells 
shed  by  the  epithelium  of  the  urinary  tract  form  a  nidus  around  which 
urinary  salts  may  be  deposited,  thus  building  up  calculi.  A  number  of 
authors,  e.g.,  Eddy  and  Dalldorf,®®  have  recorded  an  increased  number  of 
urinary  calculi  in  vitamin  A-deficient  animals. 

Ilale®^  in  1935  found  ectopic  kidneys  in  the  offspring  of  sows  on  a  vitamin 
A-deficient  diet,  and  Wilson  and  Warkany®®’  ®*’  showed  that  considerable 
malformations  of  the  urinary  tract  of  the  offspring  could  be  obtained  by 
placing  the  mother  on  this  type  of  diet.  In  rats  they  found  fused  kidneys 
(see  Fig.  15),  stenosis  of  the  uterus,  homologous  genital  ducts,  and  failure 
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of  male  accessory  glands  to  appear  (e.g.,  seminal  vesicles  and  bulbourethral 
glands),  and  in  some  females  there  was  complete  lack  of  vaginal  develop¬ 
ment.  Retarded  development  was  exemplified  by  late  partitioning  of  the 
cloaca,  belated  appearance  of  Mullerian  ducts,  and  slow  differentiation  of 
the  urogenital  sinus.  There  were  also  positional  abnormalities  of  the  kidneys, 
ectopic  ureteric  openings,  incomplete  caudalward  growth  of  Mullerian  ducts, 
hypospadias,  and  failure  of  testicular  descent.  All  the  newborn  animals  and 
the  fetuses  older  than  18  days  which  showed  malformation  of  the  genito¬ 
urinary  tracts  showed  a  keratinizing  metaplasia  of  the  epithelia  of  these 


organs. 

In  male  animals  placed  on  an  A-deficient  diet  the  most  striking  changes 
in  the  genital  system  are  atrophy  of  the  testes  and  degenerative  changes 
in  the  seminiferous  tubules  (see  IMason').  These  changes  were  first  seen  in 
the  mouse  by  Yamasakb^  and  were  described  in  more  detail  by  Wolfe  and 
Salter^^  in  1931.  In  the  testis  they  found  that  there  was  a  desquamation  of 
the  epithelium  with  the  formation  of  large  amounts  of  structureless  mate¬ 
rial  containing  many  clear  spaces  or  vacuoles  in  the  seminiferous  tubules. 
In  this  material  numerous  degenerating  giant  cells  were  also  present. 
Mason^^'  also  found  giant  cells  in  degenerating  vitamin  A-deficient  testes. 
Wolfe  and  Salter  found  that  after  a  time  only  the  primary  germ  cells 
and  the  sustentacular  cells  were  left  in  the  seminiferous  tubules.  They 
noticed  no  changes  in  the  interstitial  cells  of  Leydig.  (Moore  and  Mark,^^ 
however,  found  absence  of  pigment  in  these  cells  in  vitamin  A  deficiency.) 
The  prostate  and  the  seminal  vesicles,  however,  were  greatly  distended, 
with  desquamated  cell  masses.  In  some  places  they  found  a  downward 
grow  th  and  invasion  of  the  underlying  connective  tissue  by  the  keratinizing 
epithelium  wRich  had  formed  in  some  of  the  genital  ducts.  It  is  of  interest 
that  no  changes  w^ere  found  in  the  epithelium  of  the  epididymus.  Gross^^ 
Wolbach  and  How^e®  Mason ,^6  Evans,'*^  Sampson  and  Korenchevsky,«  and 
a  number  of  other  authors  have  described  similar  changes  in  the  male  rat 
genitalia.  Wolbach  and  How^e^*  have  also  recorded  these  changes  in  the 
male  guinea  pig,  and  Guilbert  and  Hart^®  have  done  the  same  for  cattle. 
Masoni  has  pointed  out  that  in  many  of  these  experiments  no  vitamin  E 
had  been  added  to  the  experimental  diet  so  that  some  of  the  results  are 
suspect.  Mason«  however,  was  able  to  establish  that  testicular  degeneration 
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due  to  vitamin  A  deficiency  could  be  distinguished  from  that  due  to  vitamin 
E  deficiency  and  to  inanition.  In  vitamin  E  deficiency  there  is  a  complete 
loss  of  all  germ  cells  in  the  testes;  in  vitamin  A  deficiency  there  is  first  a 
loss  of  spermatozoa  which  resembles  the  state  found  in  inanition.  In  vita¬ 
min  A  deficiency  there  is  then  a  progressive  loss  of  layers  of  germ  cells  until 
only  a  few  residual  germ  cells  are  left  together  with  the  sustentacular  or 
Sertoli  cells.  Mason^  pointed  out  that  “nothing  is  known  regarding  the  role 
which  vitamin  A  plays  in  the  metabolic  activities  of  the  male  germ  cells.” 
Mason  and  Wolfe^®  attempted  to  demonstrate  that  the  gonads  may  play 
some  part  in  the  utilization  of  vitamin  A  by  comparing  the  onset  of  defi¬ 
ciency  symptoms  in  castrated  and  non-castrated  rats,  but  they  obtained 
negative  results.  Mayer  and  Goddard®^  found  that  in  A-deficient  rats 
gonadotrophic  hormone  affected  the  testes  in  the  same  way  as  in  normal 
rats.  Apparently,  therefore,  the  testes  of  deficient  rats  have  not  lost  their 
ability  to  respond  to  gonadotrophic  stimulation,  and  the  cause  of  testicular 
failure  in  A  deficiency  is  therefore  localized  in  the  pituitary. 

One  of  the  differences  between  injury  to  the  testes  caused  by  vitamin  E 
deficiency  and  that  caused  by  vitamin  A  deficiency  is  that  the  former  is 
irreversible  whereas  the  latter  is  rapidly  restored  to  normal  by  appropriate 
treatment  with  vitamin  A. 

In  the  female  rat  the  ovaries  were  said  to  suffer  pathological  changes  in 
vitamin  A  deficiency  (Gross^®  and  Guggisberg.^^  This  has  not  been  confirmed 
by  later  workers  (Wolbach  and  Howe,®  Evans,®*  and  Mason.^®)  Similarly, 
changes  described  in  the  ovaries  of  mice  by  Yamasaki'*^  have  not  been 
confirmed  by  Wolfe  and  Salter.^^  Wolbach  and  Howe,i*  however,  have  not 
denied  the  presence  of  such  changes  in  the  ovary  of  the  guinea  pig.^  Mason 
expresses  surprise  at  the  resistance  of  the  ovary  to  the  effects  of  vitamin 
A  deficiency.  It  is  of  interest  that  Evans®*  has  noticed  abnormal  ova  in  the 
oviducts  of  mated  A  deficient  rats. 

Although  the  ovary  is  not  particularly  affected  in  A  deficiency,  the  uterus 
shows  changes.  As  one  might  expect,  these  changes  are  epithelial  in  nature 
and  take  the  form  of  patches  of  keratinization  which  extend  peripherally. 
Mason^*  pointed  out  that  this  change  may  make  it  difficult  for  spermatozoa 
to  ascend  the  uterus  and  so  may  be  a  significant  factor  in  the  sterility 
associated  with  A-deficient  animals.  Blackfan  and  Wolbach®^  have  recorded 
keratinization  of  the  uterine  epithelium  in  children  suffering  from  vitamin 
A  deficiency,  and  keratinization  of  uterine  epithelium  has  been  recorded 
also  by  Wolbach  and  Howe‘*  and  by  others. 

6®  K.  E.  Mason  and  J.  M.  Wolfe,  J.  Nutrition  9,  725  (1935). 
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Evans  and  Bishop®®  in  1922  first  showed  that  vitamin  A  deficiency  led  to 
excessive  cornification  of  the  vagina  of  rats  so  that  the  usual  estrus  smear 
finally  showed  cornified  cells  at  all  stages  of  the  sexual  cycle,  which  persisted 
in  spite  of  the  deficiency,  for  such  animals  should  be  successfully  mated 
with  normal  males  (Mason  and  Ellison®®).  Mason  and  Ellison  found  that 
in  the  normal  proestrus  vaginal  smear  the  majority  of  cells  were  nucleated 
epithelial  cells  but  that  A  deficiency  resulted  in  the  cornification  of  these 
proestral  cells  as  well  as  loss  of  mucous  from  the  smear.  This  cornified  con¬ 
dition  of  the  smear  lasted  for  several  days.  In  the  normal  rat  proestrus  lasts 
about  12  hours  and  is  followed  by  a  completely  cornified  phase  which  may 
last  about  a  day.  This  is  followed  by  a  postestrus  stage  which  may  last  a 
day  and  which  is  signified  by  the  appearance  of  leucocytes  among  the 
cornified  cells.  Finally  the  cornified  cells  become  completely  replaced  by 
leucocytes  and  the  animal  passes  into  diestrus,  in  which  it  may  remain 
for  1  to  days  before  it  passes  into  proestrus  again.  The  complete  cycle 
takes  about  4  or  5  days.  The  cornified  phase,  as  we  have  seen,  may  extend 
for  several  days  in  vitamin  A  deficiency.  There  are  many  fewer  leucocytes, 
and  eventually  the  smear  shows  continuous  cornified  cells. 


In  monkeys  on  an  A-deficient  diet  the  epithelium  of  the  vagina  also 
passes  into  a  state  of  continuous  cornification  (Turner  and  Loew®^).  There 
is  no  certain  evidence  of  the  effect  of  vitamin  A  deficiency  on  the  human 
vaginal  mucosa,  but  it  is  of  interest  that  vitamin  A  has  proved  of  value  in 
the  treatment  of  senile  vaginitis  in  women  (Simpson  and  Mason®®).  The 
work  of  Schmidt®®  on  the  effect  of  vitamin  A  deficiency  and  hormones  on 
vapnal  epithelium  of  the  rat  suggests,  according  to  Mason  ^ 
t  at  the  keratimzation  of  the  vaginal  epithelium  represents  “a  response  to 
localized  metabolic  disturbances  in  epithelial  cells.”  Mason  also  pointed 
out  that  the  vaginal  epithelium  loses  its  ability  to  undergo  mucification  in 
P  gnancy  and  that  m  fact  it  loses  its  responsiveness  to  the  hormonal 

Aberle  »  mI  a  finding  originally  published  by 

berle.  Mason  suggested  that  this  indicated  a  failure  of  the  mechanism 
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amounts  of  carotene  to  rats  caused  suppression  of  estrus  and  the  appearance 
of  a  prolonged  dioestrus  vaginal  smear.  Such  a  condition  is  also  produced 
by  castration  (i.e.,  lack  of  follicular  hormone).  The  reverse  effect,  excessive 
cornification  of  the  vagina,  can  be  produced  by  the  administration  of 
excessive  estrogenic  hormone  and  by  lack  of  vitamin  A.  These  facts  suggest 
the  possibility  of  some  association  between  the  female  sex  hormone  and 
vitamin  A. 

Early  workers  have  shown  that  vitamin  A  deficiency  causes  a  consider¬ 
able  interference  in  reproduction.  Many  of  their  findings,  however,  are 
subject  to  the  criticism  (see  Mason, ®2)  that  the  diet  was  not  adequately 
controlled. 

Although  it  is  sometimes  possible  to  breed  female  animals  which  are 
suffering,  but  not  too  severely,  from  vitamin  A  deficiency,  once  the  de¬ 
ficiency  passes  a  certain  stage,  death  of  the  fetuses  occurs,  primarily  as  a 
result  of  the  effect  of  the  deficiency  on  the  maternal  cells.  The  decidua 
become  necrotic  and  often  infected,  and  the  fetuses  die  because  of  their  de¬ 
stroyed  blood  supply.  Mason®^  investigated  this  problem  and  pointed  out 
that  the  effect  of  vitamin  A  deficiency  is  fundamentally  different  from 
that  of  vitamin  E  deficiency,  since  the  effect  of  the  latter  is  shown  directly 
in  the  embryo,  the  death  of  which  is  not  due  to  prior  degeneration  of  the 
placenta.  Mason  found  that,  even  in  embryos  which  survived,  the  gestation 
period  was  prolonged  and  that  there  was  a  decreased  vitality  in  the  fetuses 
and  decreased  tone  in  the  uterine  and  abdominal  musculature.  These  are 
all  conditions  which  make  for  difficult  and  prolonged  labor,  accentuated 
by  the  cornification  of  the  vagina  which  makes  it  difficult  for  the  fetus  to 

be  expelled. 


8.  Embryonic  Tissues 

Some  abnormalities  in  the  young  of  vitamin  A-deficient  mothers  have 
already  been  mentioned.  Hale®^- found  that  the  progeny  of  vitamin 
A-deficient  sows  suffered  from  harelips,  cleft  palates,  accessory  earlike 
structures,  malformed  hind  legs,  and  subcutaneous  cysts.  In  addition  the 
kidneys  and  the  sex  glands  had  remained  in  their  embryonic  position. 

Subsequently,  Warkany  and  his  co-workers  described  a  series  of  fetal 
abnormalities  in  the  young  of  vitamin  A-deficient  rats.  Wilson  and  Barch, 
for  instance,  have  pointed  out  that  malformations  which  involve  the  eye, 
the  cardiovascular  system,  and  the  genito-urinary  tract  are  common  y 
found  in  such  progeny,  and  Wilson  and  Warkany®®  have  described  keratiniz¬ 
ing  metaplasia  of  the  genital  tract  in  the  18-day  fetal  rats  from  A-deficient 
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mothers.  Wilson  and  Warkany®®-  ®^  have  also  described  cardiovascular 
anomalies  in  fetal  and  newborn  rats  from  A-deficient  mothers.  In  one  of 
the  commonest  of  these  abnormalities  the  abnormal  pattern  of  arches  was 
retained  but  the  right  subclavian  artery  “arose  distally  from  the  descending 
aorta  and  coursed  dorsal  to  the  oesophagus  to  reach  the  right  shoulder.” 
In  some  animals  the  4th  and/or  6th  aortic  arches  were  retained.  Super¬ 
numerary  arches  were  also  found.  In  some  animals  the  interventricular 
septum  of  the  heart  failed  to  close,  leaving  an  interventricular  foramen 
(see  Fig.  14).  There  was  also  in  some  cases  a  general  retardation  of  myo¬ 
cardial  development,  and  the  wall  of  the  heart  developed  a  highly  trabecu- 
lated,  spongy  appearance.  The  authors  concluded  that  the  anomalies  which 
they  observed  resulted  from  interference  with  the  normal  processes  “oc¬ 
curring  on  or  subsequent  to  the  12th  day  of  gestation.”  In  their  second 
paper  on  this  subject®®  Wilson  and  Warkany  pointed  out  that  many  of  the 
cardiovascular  abnormalities  they  have  recorded  in  A-deficient  rats  are 
very  similar  to  those  found  in  infants. 

9.  Endocrines 

There  is  little  evidence  that  vitamin  A  deficiency  interferes  with  hormone 
production  or  with  the  normal  structure  of  the  endocrines.  Giedosz®®  claims 
that  there  is  an  increased  number  of  eosinophilic  and  basophilic  cells  in  the 
pituitary  in  such  a  deficiency  and  an  increase  in  the  zona  glomerulosa  of 
the  adrenal.  On  the  other  hand  Mitzkewitsch^®  and  Frank^i  have  claimed 
that  there  are  no  cytological  changes  in  the  pituitaries  of  A-deficient  rats. 
Jungherr  et  found  a  decrease  in  the  number  of  chromophilic  cells  of 

the  pituitary  in  young  A-deficient  calves.  They  found  also  that  the  thyroid 
was  hyperplastic. 


lU.  JNervous  System 

There  is  ample  evidence  that  vitamin  A  deficiency  results  in  patholorical 

be  that  of  Mellanby,”  who  described  degenerative  changes  in  the  spinal 

sTd  that  if  u  *933,  Mellanby^' 

said  that  the  spinal  cords  of  such  puppies  showed  demyelination  and  dis 

y  e  got  and  also  by  neurotoxic  substances  present  in  pulses  but  the 
changes  induced  by  these  substances  could  be  prevented  by  vitamin  I  He 
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also  found  degeneration  of  peripheral  nerves,  e.g.,  the  afferent  spinal  nerves, 
the  optic  nerves,  and  the  8th  trigeminal  nerve.  He  thought  that  loss  of  the 
sense  of  balance  in  vitamin  A-deficient  animals  may  have  been  due  to 
degeneration  of  the  vestibular  division  of  the  8th  nerve.  He  believed  that 
the  xerophthalmia  of  this  deficiency  may  have  been  due  primarily  to 
degeneration  of  the  afferent  fibers  of  the  trigeminal  nerve.  However,  Rao^® 
has  shown  that  administration  of  vitamin  A  will  cure  xerophthalmia  while 
the  trigeminal  nerve  is  still  degenerated.  In  another  paper  Mellanby^^  de¬ 
scribed  degenerative  changes  in  the  Gasserian  ganglion  and  associated 
nerve  fibers  in  Autamin  A  deficiency. 

In  addition  to  Mellanby’s  results  with  dogs,  Aberle^^  and  Setterfield  and 
Suttoiff ®  have  described  degeneration  of  medullary  sheaths  of  sensory  tracts 


at  the  periphery  of  the  cord.  In  some  cases  this  degeneration  was  found  in 
the  posterior  columns,  and  in  others  the  posterior  roots  Avere  involved. 
These  changes  were  found  to  be  associated  with  marked  weakness  or  paraly¬ 
sis  of  the  extremities.  These  authors  Avere  able  to  obtain  a  clinical  cure  of 
this  condition  AAuth  cod-liver  oil  AA'hile  it  Avas  still  possible  to  demonstrate 
lesions  in  the  nervous  system.  Aberle  suggests  that  this  result  may  be  due 
to  the  fact  that  the  regenerated  axis  cylinder  functions  before  remyelination 
of  the  fiber  is  complete.  He  points  out  that  stimulation  of  the  motor  coHex 
in  embryonic  animals  may  elicit  motor  responses  before  the  corticospinal 
tracts  are  myelinated.  Modern  research  on  nerve  regeneration  supports 

Aberle’s  explanation.  •  u  +  ^ 

Irving  and  Richards^®  have  also  investigated  A-deficiency  m  the  rat  and 

found  neurological  lesions  after  21  days  of  deficiency  (before,  m  fact  there 
is  any  obvious  slackening  of  the  growth  rate).  They  found  that  these  lesions 
appeared  characteristically  in  certain  tracts  of  the  medulla  of  the  ^^am. 
The  region  Avhere  they  occurred  Avas  that  Avhich  Avould  be  occupie  y  e 
fillet  in  higher  sections,  and  below  the  pyramidal  decussation.  The  hbers 
from  this  region  become  anterolateral  columns.  They  point  out  that  in  the 

rat  the  pyramidal  tracts  decuss  completely.  ,  ^  .  ,  i 

Nicholls,^^  Avho  found  nerve  and  cord  degeneration  in  A-deficient  humans, 
and  Rao,'^®  Avho  found  nervous  degeneration  in  A-deficient  rab  its,  AAere 
among  other  workers  who  have  studied  this  aspect  of  yitamm  A  deficiency 
One  of  the  criticisms  of  the  work  on  the  effect  of  vitamin  A  deficiency 
on  the  nervous  system  is  that  the  Marchi  method  used  for  demonstrating 
degenerated  myelin  is  unreliable,  hut  Setterfield  and  Sutton”  use  po  arize 
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light  to  examine  the  nervous  tissue  from  such  animals  and  were  able  to 
confirm  degeneration  in  the  femoral  and  sciatic  nerves.  Extraction  of  the 
lipids  from  the  degenerated  myelin  of  nervous  tissue  of  A-deficient  animals 
has  shown  that  there  was  a  decrease  in  the  saturated  and  conjugated  lipids. 


11.  Bones 

A  consideration  of  the  effects  of  vitamin  A  deficiency  upon  bone  growth 
may  be  appropriately  considered  at  this  point,  since  many  of  the  degenera¬ 
tive  changes  recorded  in  the  nervous  system  in  this  condition  have  been 
attributed  by  Wolbach^®- to  pressure  on  the  nerves  by  irregular  bone 
growth. 

\'itamin  A  deficiency  has  a  direct  effect  on  the  growth  of  bone.  In  the 
long  bones  all  the  “epithelial-cartilage  sequences”  cease.  According  to 
Wolbach,  cells  fail  to  divide  and  cells  which  have  become  almost  mature 
fail  to  grow  any  further.  Cells  which  have  become  vesicular,  however, 
continue  the  various  changes  they  normally  pass  through  and  then  they 
disappear.  Vascular  penetration  can  then  take  place  at  this  point.  The 
trabeculae  which  were  formed  and  calcified  before  the  deficiency  became 
established  become  resorbed  mainly  due  to  the  activity  of  osteoclasts.  The 
matrix  of  the  cartilage  at  the  epiphyseal  line  now  becomes  calcified  to  20 
or  30  M  back  from^  the  line,  finally  a  bony  plate  forms  across  the  line  (see 
igs.  10  and  11).  The  same  result  is  obtained  with  simple  pyridoxine 
eficiency,  according  to  Wolbach.  Bourne  and  Harris^®  have  seen  a  similar 
effect  in  rats  on  a  nicotinic  acid-deficient  diet.  It  is  of  interest  that  in  vita- 
mm  A  deficiency  endochondral  bone  growth  ceases  before  soft  tissue  growth, 
anrs  ^'olbach,  “It  IS  this  disproportionate  growth  of  the  skeleton 

and  soft  tissues  which  is  responsible  for  the  early  disastrous  consequences 

cavHvand'thef  fu  ‘^e  cranial 

eh  continues  to  grow  at  approximately  the  normal  rate  until  general 
mid  cZ  The  result  of  the  disproportionate  growth  oTrone 

of  nerve  roots  into  interv^rtef  17"  hiickling  and  herniation 

buckled  nerve  root  trunks”  (see  pigl  i^d 
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Not  only  does  endochondral  bone  growth  cease  but  remodeling  of  existing 
bone  comes  to  a  stop  so  that  the  long  bones  become  shorter  as  well  as 
thicker  and  more  imperfectly  shaped. 

Wolbach  and  Bessey^*  appear  to  have  been  the  first  to  claim  that  dis¬ 
ordered  bone  growth  in  vitamin  A  deficiency  was  responsible  for  nervous 
tissue  degeneration,  although  Mellanby®^  and  Loch®^  found  an  increase  in 
the  periostal  bone  of  the  labyrinthine  capsule  and  the  formation  of  exostoses 
in  the  internal  auditory  meatus.  Mellanby^^  described  degeneration  of  the 
Vlllth  cranial  nerve  (both  divisions,  but  especially  the  cochlear  division), 
the  sensory  fibers  of  the  Vth  (all  divisions),  the  optic  nerve,  and  the  olfac¬ 
tory  nerve.  The  Illrd,  IVth,  third  branch  of  the  Vth,  Vlth,  Vlllth,  IXth, 
Xth,  and  Xllth  tend  to  escape  degenerative  changes.  According  to  Mel- 
lanby,  the  factors  concerned  in  the  production  of  these  changes  were  as 
follows:  first,  direct  pressure  of  the  overgrown  bones  on  nerve  cells  and 
fibers;  second,  the  restriction  of  blood  supply  to  nerve  cells  and  fibers  by 
overgrowth  of  bone;  third,  increased  intracranial  pressure  due  to  the  same 
cause;  and  fourth,  a  possible  direct  effect  of  vitamin  A  deficiency  on  the 
nerve  cells  themselves.  Mellanby  has  also  pointed  out  that  motor  nerve 
axons  seem  to  survive  pressures  which  are  capable  of  destroying  the  axons 
of  sensory  nerves. 

Hess^**  and  his  co-workers,  as  long  ago  as  1921,  had  reported  cessation  of 
bone  growth  in  A-deficient  rats,  a  fact  which  was  later  confiimed  by  Wol 
bach  and  Howe.®  Perlman  and  Willard®^  have  also  observed  bone  changes 

in  vitamin  A-deficient  animals.  c 

Hertz*®  studied  the  effect  of  vitamin  A  deficiency  on  the  healing  of 
experimental  fractures  in  the  rat.  He  found  a  delay  in  the  absorption  of  the 
fracture  hematoma.  There  was  no  effect  on  the  inflammatory  reactions  on 
the  part  of  the  cambial  layer  of  the  periosteum,  the  endosteum,  and  the 
marrow,  all  of  which  appeared  to  pass  normally  through  their  various 
phases.  The  only  direct  effect  of  the  deficiency  appeared  to  be  a  poor 
development  of  cartilage  in  the  fracture  callus. 


12.  Hypervitaminosis  a 


Excessive  administration  of  vitamin  A  can  cause  tissue  damage  (see 
Collazo  et  Wolbach  and  Bessey^^  reported  fractures  of  bones  m  young 
rats  in  6  to  11  days  by  the  daily  administration  of  excessive  doses  of  vitamin 


»iE.  Mellanby,  J.  Physiol.  {London)  94,  380  (1938). 

*2  W.  E.  Loch,  Monatsschr.  Ohrenheilk.  Laryngo-Rhinol.  73,  54^ 

E.  Mellanby,  J.  Physiol.  {London)  101,  408,  (1943). 

A.  F.  Hess,  J.  Biol.  Ghent.  47,  395  (1921).  nq4i'\ 

85  H  B  Perlman  and  J.  Willard,  Ann.  Olol.  Rhinol.  &  Laryngol.  60  349  (19  L 
88  J  Hertz,  Studies  in  the  Healing  of  Fractures,  Oxford  University  Press  ^ 
82  J.  A.  Collazo,  P.  Rubino,  and  B.  Varela  Fuentes,  Deut.  med.  Wochschr.  66,  1/9 

(1929). 
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A.  Further  details  are  given  by  Wolbach/®  Wolbach’s  conclusions  about 
the  relation  of  vitamin  A  to  bone  growth  is  that  it  is  determined  by  epi¬ 
physeal-cartilage  activities  for  which  vitamin  A  is  essential:  .  .  We  may 
deduce  that  in  the  maturation  of  cartilage  cells  there  is  produced  an  inductor 
factor  which  is  responsible  for  the  maintenance  or  remodelling  of  bone 
during  the  growth  period.  Because  the  accelerated  remodelling  process 
caused  by  excess  of  vitamin  adheres  precisely  to  the  normal  growth  pattern, 
bone  which  disappears  during  growth  may  be  referred  to  as  competent 
bone”  (see  Figs.  3  and  7). 

Wolbach  and  Maddock®®  used  the  changes  produced  by  hypervitaminosis 
A  to  assess  the  vitamin  A  potency  of  synthetic  vitamin  A.  Those  tested 
included  vitamin  A  acetate,  which  was  as  active  as  the  natural  vitamin; 
vitamin  A  methyl  ether,  which  was  less  active;  and  vitamin  A  phenyl 
ether,  which  did  not  appear  to  have  any  activity,  RodahP^  has  described 
soft  tissue  damage  in  vitamin  A  excess.  He  found  that  there  was  a  general 
hyperemia  and  that  erythrocytes  could  be  found  scattered  outside  capil¬ 
laries  in  various  organs  and  particularly  in  the  space  surrounding  the 
glomerulus  in  Bowman’s  capsules  of  the  kidney.  Fatty  material  was  found 

to  accumulate  m  the  liver,  and  there  was  an  increase  of  lipoid  in  the  adrenal 
cortex. 


HI*  Vitamin  Bi  Deficiency 

1,  General  Effects 

Despite  the  biochemical  importance  of  vitamin  B:,  which  appears  to  be 
concerned  with  most  of  the  oxidative  decarboxylations  of  the  body,  and 
t  e  fact  that  m  vitamin  Bi  deficiency  pyruvic  acid  accumulates  in  the 
tissues  formmg  what  Peters  calls  a  “biochemical  lesion,”  there  is  surpris- 
mgly  little  histological  change  in  deficient  animals.  Nevertheless  changes 
in  some  tissues  have  been  described,  ’ 


One  of  the  characteristic  clinical  symptoms  of  vitamin  Bi  deficiencv  is  a 

changes  arc  also  found  in  the  electrocardiographic  recwds  These  hT  t 
described  in  five  species  of  ^^^oras,  1  hese  have  been 

pigs.  Wintrobe  and  liis  colleague.s’<  ’hwe''lirted''fh^’  ''w’ 

,  have  listed  the  electrocardiographic 

;;  K.  Roda°hr}.'  82®  (WSU. 

’■  M.  M.  wSo'be^'Z  Biochem.  J.  24,  1633  (1930). 

Hopkins  Hasp.  73,  169  (1943),  ’  ^  Bull  Johns 
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changes  in  the  swine  heart  as  consisting  of  prolonged  P-Il  intervals,  ab¬ 
normalities  in  the  P  wave,  increase  of  T4,  nodal  and  ventricular  premature 
beats,  A.  V.  dissociation,  complete  block,  and  auricular  fibrillation.  All 
these  indicate  damage  to  the  myocardium. 

Such  changes  have  been  described  in  rats  (Ashburn  and  Lowry®^),  in 
sows  (Follis  et  in  foxes  (Evans  et  and  in  dogs  (Swank  et 

Actual  destruction  of  the  myocardial  fibers  occurs.  First  the  fibers  lose  their 
cross  striations,  then  there  is  vacuolation,  then  hyalinization  of  the  myo¬ 
fibrils,  and  finally  necrosis.  The  necrotic  changes  coincide  with  the  migration 
into  the  myocardium  of  polymorphs  and  mononuclears  (probably  macro¬ 
phages  (see  Fig.  16).  The  necroses,  according  to  Follis,'*  may  occur  in  foci 
of  varying  size  or  may  exist  diffusely  over  large  areas  of  myocardium,  and 
they  may  occur  in  either  auricular  or  ventricular  muscle.  If  the  animal 
recovers  from  the  deficiency,  these  necrotic  patches  heal  by  scarring  (see 
Fig.  17).  The  areas  of  connective  tissue  fibers  represented  by  these  scars 
may  be  quite  extensive,  more  so  in  animals  with  chronic  vitamin  Bi  de¬ 
ficiency.  It  is  surprising  that  no  comparable  lesions  have  been  found  in 
skeletal*  muscle,  but  Follis^®  was  able  to  demonstrate  necrotic  patches  in 
this  tissue  when  potassium  deficiency  was  added  to  the  thiamine  deficiency. 

Folks'*  points  out  that  despite  the  recorded  myocardial  damage  it  does 
not  seem  sufficient  to  account  for  the  bradycardia  and  the  electrocardio¬ 
graphic  changes  found  in  deficient  animals.  He  quotes  the  experiments  of 
Lu97  and  Haynes  and  Weiss,«»  who  administered  large  quantities  of  pyruvic 
acid  and  related  substances  to  both  normal  and  vitamin  Bi-deficient  rats 
and  found  that  they  exercised  little  effect  on  the  action  of  heart-  From 
these  experiments,  therefore,  it  seemed  unlikely  that  accumulation  of  the  e 
metabolites  is  responsible  for  the  bradycardia  and  the 
changes.  It  seems  more  likely  that  difficulty  m  carrymg  carb^ 
oxidation  beyond  the  pyruvate  level  may  cause  failure  ^eai  ^ 
to  respond  properly.  Perhaps  there  is  some  interference  with  the  conduct  g 
system  of  the  heart,  or,  as  mentioned  before,  there  may  be  physical  dam  g 

to  the  muscle. 

3.  Nervous  System 

This  leads  us  to  the  effect  of  vitamin  B.  deficiency 
Eijkman”  (1906),  in  describing  the  pathology  of  the  bei 

.=  L.  L.  Ashbun,  and  J.  V.  I-owry,  /WA.  37  169  (1943) 

•>  R.  H.  Follis,  M.  H.  Miller,  M.  M.  Wintrobo,  aii<l  H.  J.  Stem.  A  . 

..  c'i' Evans,  W.  E.  Carlson,  an.l  R,  G.  Green,  Ann  PajA.  18  ^  (1942). 

..  R.  L.  Swank.  R.  R.  Porter,  and  A-  Jeomans,  Am  Hear,  1.  22,  184  (194 

96  R.  H.  Follis,  Bull.  Johns  Hopkins  Hosp.  71,  235 

97  G.  D.  Lu,  Biochem.  J.  33,  774  (19.39). 

98  F.  W.  Haynes  and  S.  Weiss,  Am.  Heart  J.  20,  24  (lJ4Uj. 

99  C.  Eijkman,  Arch.  Hyg.  68,  150  (1906). 
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which  he  had  been  able  to  induce  in  fowls,  stressed  that  the  damage  to  the 
peripheral  nerves  affected  both  sensory  and  motor  portions  and  produced 
a  picture  similar  to  the  non-inflammatory  atrophic  degeneration  observed 
after  a  nerve  is  cut.  In  other  words,  Bi  deficiency  produced  simple  Wallerian 
degeneration.  Eijkman  also  found  degenerative  changes  in  the  spinal  cord 
and  in  the  spinal  nerve  roots.  These  changes  in  the  nervous  system  con¬ 
firmed  his  diagnosis  of  the  disease  as  a  polyneuritis.  However,  as  Follis^  and 
other  authors  from  McCollum^®’  on  have  pointed  out,  Eijkman ’s  diet  was 
deficient  in  a  number  of  nutrients  apart  from  vitamin  Bi,  and  one  cannot 
be  sure,  therefore,  that  the  changes  he  described  are  attributable  solely  to 
the  deficiency  of  this  vitamin. 

Wolbach  and  Bessey^^  have  pointed  out  that  degeneration  of  peripheral 
nerves  occurs  more  often  in  chronic  vitamin  Bi  deficiency  than  in  the  acute 
state.  However,  Prickett,!®^  Prickett  and  co-workers,^®2  Davison  and  Stone, 
and  Engel  and  Phillips,*®**  found  no  changes  in  the  peripheral  nerves  of 
vitamin  Bi  deficiency  in  rats,  and  Berry  and  his  co-workers*®"  could  find 
no  signs  of  degeneration  in  the  peripheral  nerves  of  cats  which  had  been 


on  a  vitamin  Bi-deficient  diet  for  as  long  as  116  days.  Nor  were  any  differ¬ 
ences  to  be  found  in  the  ability  of  cut  or  injured  nerves  of  these  animals 
to  legenerate.  Follis  et  al.^^  and  Wintrobe  et  a/.*®®  also  could  find  no  signs 
of  nerve  degeneration  in  Bi-deficient  swine.  Coupled  with  these  findings 
^ye  might  record  the  work  of  Burt,*®^-  *®®  who  found  that  in  tissue  cultures 
o  spinal  ganglia  the  addition  of  vitamin  Bi  to  B^-deficient  or  to  normal 
plasma  caused  no  improvement  in  axon  growth.  He  also  found  that  nerve 
growtli  was  not  suppressed  by  the  presence  of  the  various  intermediary 
metabolites  which  accumulate  in  vitamin  Bi-deficient  animals. 

In  the  face  of  this  evidence  it  is  difficult  to  accept  the  thesis  that  one  of 
e  characteristics  of  vitamin  Bi  deficiency  is  structural  damage  to  the 
nervous  system.  It  is  this  conclusion,  no  doubt,  which  led  Meiklejohn*®®  to 
^gest  that  vttamin  B.  did  not  deserve  to  be  called  the  antineuritic  vitl 


However,  when  w-e  consider  birds  we  find  that  Swank  and  Prados‘>»  have 
produced  evdence  that  in  the  pigeon  neuritic  changes  inevitably  accompa.™ 

E.  V.  McCollum  and  M.  Davis,  J.  Biol.  Chen.  23,  181  (1915) 

n  n  T>  459  (1934), 

^  W,  13.  Scilnion  anrl  a  q  t  i  a 

C.  Davison  and  L.  2^  (Si  ' 

M.  M.  Wintrobe,  "ich’.  FoMis  S  hT'^i’  '''  8.  315  (1945). 

Nutrition  28,  283  (1944).  ’  ***P  ^reys,  H.  Stein,  and  M.  Lauritsen,  J. 

A  <>»«)■ 

A  P  S.  ■  21.  145  (1943). 

.  P.  Meiklejolm  (Ven,  Engl.  J.  Med.  223,  265  (  940) 
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vitamin  B  deficiency.  Nevertheless,  even  their  experiments  are  not  com¬ 
pletely  free  from  criticism.  The  earliest  changes  which  they  could  see  in  the 
peripheral  nerves  were,  first,  swelling,  and  then  increased  basophility  of  the 
neurofibrils.  These  changes  they  found  could  occur  in  the  peripheral  portion 
of  many  axons  originating  from  the  vestibular  nucleus,  although  no  change 
could  be  seen  in  the  proximal  parts  of  the  axons  and  of  the  cell  bodies 
themselves.  Swank^^^  believes  that  changes  in  the  myelin  sheath  are  second¬ 
ary  to  those  which  occur  in  the  axis  cylinder,  but  Zimmerman*^^  holds  that 
the  reverse  is  true.  It  is  of  interest  that  Shimizu^*®  has  found  enzymic 
changes  in  nervous  tissue  of  Bi-deficient  pigeons  by  histochemical  methods. 
He  claimed  that  first  the  ventral  horn  cells  of  the  spinal  cord  shrunk,  and 
then  they  showed  an  increase  of  alkaline  phosphatase  activity.  As  the 
deficiency  reached  its  maximum  there  was  an  increase  of  the  enzyme  in  the 
nerve  cells  of  the  fourth  ventricle,  particularly  those  in  the  formaho  reticu¬ 
laris,  which  were  only  slightly  active  in  normal  birds.  There  was  also  a 
general  increase  of  the  activity  of  the  enzyme  in  the  cerebellum  and  par¬ 
ticularly  in  the  shrunken  Purkinje  cells.  Ganglion  cells  also  showed  an 
increase  in  activity,  but  in  the  cells  of  the  ganglionic  capsules  this  activity 
was  reduced.  Shimizu  also  found  a  decrease  of  acid  phosphatase  in  axis 

cylinders  in  nerves  of  Bi -deficient  animals. 

Despite  the  negative  neurological  findings  in  mammals  by  a  number  of 
authors,  there  is  still  a  considerable  evidence  from  other  authors  that 
peripheral  nerve  degeneration  accompanies  Bi  deficiency.  Leblond  and 
Chaulin-Serviniere,!''  found  characteristic  Wallerian  degeneration  and  even¬ 
tually  damage  which  was  irreparable,  in  the  nerves  of  monkeys  suffering 
from  spontaneous  beriberi.  They  used  polarized  light  and  Sudan  III  stammg 
in  frozen  sections  of  nerves  to  demonstrate  degeneration  and  their  resu 
can  therefore  be  regarded  as  perhaps  being  more  “ 

others  Street  and  co-workers“^  found  that  m  chronica  ^  •  thp 

thL  was  degeneration  of  the  myelin  in  peripheral  nerves,  and  also  in  he 
posterior  columns  of  the  spinal  cords,  and  glial  scars  were  found  in  the 

"^The^WeMe  fOT  damage  to  the  brain  in  B.  deficiency 

cal  for  Prados  and  Swank-  have  described  foci  of  hemorrhage  in  tte 

vestibular  nuclei,  Deiter’s  nuclei,  Bechterew’s  nuclei,  and  the  nucleus  soh- 

:::  S-  NmrHio'n‘Zeficle,.cy  In  Nervous  and  Mental 
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...  H.  P.  Street,  G.  K.  Cowgill,  and  II.  M.  Zimmerman,  Yale  J.  B.ol  and  .Me 

...  M^•‘r!dos  and  R.  L.  Swank,  Arch.  Neurol  PeycUat.  47,  626  (1942). 
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tarius  in  Bi-deficient  rats.  Other  changes  recorded  in  these  nuclei  were 
chromatolysis,  or  dissolution  of  the  Nissl  substance,  of  the  nerve  cells.  In 
kittens  suffering  from  acute  Bi-deficiency  not  only  chromatolysis  but  ne¬ 
crosis  of  neurones  have  been  observed.  Oligodendrocytes  were  seen  to  be 
swollen,  and  the  vestibular  nuclei  were  seen  to  contain  small  hemorrhages. 

Hemorrhagic  lesions  in  the  brain  (pons,  medulla,  and  cerebellum)  of  rats 
and  pigeons  have  also  been  described  by  PricketH’^  and  by  Church. 
Zimmerman”^  and  Alexander**®  believe  that  the  lesions  of  Wernicke’s  dis¬ 
ease  in  the  human  central  nervous  system  are  identical  with  those  of 
vitamin  Bi  deficiency. 

Follis^  has  summarized  the  main  pathological  symptoms  of  vitamin  Bi 
deficiency  in  man.  Mild  scarring,  hydropic  degeneration,  and  fatty  infiltra¬ 
tion  are  the  only  microscopic  changes  which  have  been  seen  in  the  beriberi 
heart.  Peripheral  nerves  have  been  found  to  be  degenerated,  and  loss  of 
myelin  from  the  nerve  roots  and  degenerative  changes  in  the  tracts  of  the 
spinal  cord  have  been  recorded.  The  similarity  between  changes  in  the 
nervous  system  due  to  vitamin  Bi  deficiency  and  those  due  to  Wernicke’s 
disea.se  has  been  mentioned.  Also,  it  has  been  shown  that  in  Chastek’s 
paralpis  of  foxes,  which  is  curable  with  vitamin  Bi,  the  brain  lesions  are 
identical  with  those  of  Wernicke’s  disease  (Evans  et  aV^). 


4.  Alimentary  Tract 

vitamin  Bi  deficiency  are  found  in  the  gastrointestinal 
tract.  Lack  of  muscular  tone  has  been  often  observed,  and  McCarrison*2o 

londtiidh  f  Auerbach’s  nerve  plexus  situated  between  the 

thflf  ,  f.  the  gut.  McCarrison  also  observed 

Mdo  a'dT,;:  h-  deficient  animals, 

min  B  for  In  *  ‘hat  animals  on  a  partial  deficiency  of  vita- 

T  eni!! '  .  ■  ®  of  time  also  developed  ulcers.  Thatcher  Sure  and 

were  impressed  with  the  constancy  with  which  gastric’ ulcers  ao- 

ulcers  but  also  erosions  in  th  ^  his  co-workers  found  not  only 
erosions  m  their  thousands  of  experimental  animals  (also 

H  d'"'  Ill,  660  (1935). 
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see  Dalldorf  and  Kellogg^^O-  Iri  monkeys  with  spontaneous  beriberi  Leblond 
and  Chaulin-Serviniere^^'*  found  atony  of  the  gastrointestinal  musculature 
with  diffuse  redness  and  echymotic  points,  which  appeared  in  some  cases 
as  well-defined  ulcers,  especially  in  the  pyloric  region  of  the  stomach. 
There  was  enlargement  of  the  mesenteric  lymph  nodes  and  fatty  degenera¬ 
tion  of  the  liver. 

5.  Endocrines 


Structural  changes  in  the  thyroid  gland  have  been  described  in  vitamin 
Bi  deficiency  by  Hardhausen  and  Schultze.^-®  Associated  with  it  was  an 
increase  of  colloid.  Hyperplasia  of  the  gland  has  also  been  recorded  (Hig- 
ginsi27).  If  the  deficiency  is  prolonged,  the  thyroid  appears  to  atrophy. 
Other  workers  (Carpenter  and  Sharpless^^s  and  Harris  and  Remingtoni^s) 
have  not  been  able  to  support  this  work,  however. 

Ogata^®°  found  changes  in  a  number  of  the  endocrine  glands  in  vitamin 
Bi  deficiency.  He  found  atrophy  of  the  thymus  (confirmed  by  Leblond  and 
Chaulin-Serviniere”^),  the  pituitary,  and  the  spleen,  and  hypertrophy  of 
the  islets  of  Langerhans  (confirmed  by  Wolbach^^^  and  Ueno^*^).  Marburg^^* 
found  an  increase  in  the  basophilic  cells  of  the  pituitaries  of  Chinese  coolies 
dying  of  beriberi.  Ogata  also  claimed  that  the  adrenal  glands  become  hyper¬ 
trophic  and  that  lesions  were  present  in  the  associated  sympathetic  ganglia. 
In  the  early  stages  of  the  deficiency  there  was  considerably  mitotic  activity 

on  the  part  of  the  cortical  cells  of  the  adrenal. 

Deane  and  Shaw^*^  found  that  3  weeks  vitamin  Bi  deficiency  m  the  rat 
produced  no  change  in  the  zona  glomerulosa,  but  it  caused  a  loss  of  lip¬ 
oid  from  the  zona  fasciculata  and  the  fat-free  transitional  zone  disap¬ 
peared.  After  4  to  41^  weeks  the  glomerulosa  and  its  hpoid  content  were 
still  unaffected,  but  nearly  all  microscopically  detectable  hpoid  had  gone 
from  the  zona  fasciculata.  The  mitochondria  in  this  zone  were  swollen  and 
irregular  in  shape  and  stained  badly.  Mitochondria  were  also  swollen 
vesiculated,  and  irregular  in  the  liver  cells,  which  were  smaller  t^J^n  • 

Thiamine  deficiency  thus  rapidly  exhausts  the  adrenal  cortex.  It  does  this 
much  more  rapidly  than  simple  inanition.  Goodsell--  has  found  changes 
also  in  the  adrenal  gland  of  the  dog  in  vitamin  Bi  deficiency. 
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6.  Reproductive  Organs 


In  Bi  deficiency  or  in  deficiency  of  any  other  vitamins  of  the  B  complex 
there  is  complete  cessation  of  spermatogenesis  in  the  testis,  together  with  a 
substantial  reduction  of  the  size  of  the  seminiferous  tubules.  According  to 
Mason^  the  lumena  of  the  tubules  become  filled  with  masses  of  primitive 
generative  and  Sertoli  (sustentacular)  cells.  The  spermatozoa  and  the 
spermatids  (both  more  highly  differentiated  cells)  are  lost  much  earlier.  The 
capsule  and  the  capsular  trabeculae  are  thickened.  In  later  stages  of  the 
deficiency  the  Avail  of  the  tubules  seems  to  be  composed  only  of  an  incom¬ 
plete  layer  of  cells  (spermatocytes  and  Sertoli  cells).  In  others  the  lumen 
is  completely  obliterated  by  a  more  or  less  solid  core  of  degenerated  mate¬ 
rial.  The  interstitial  (or  Leydig)  cells  may  be  hypertrophied  and  show  in¬ 
creased  lipoid  content  (IMcCarrisoid^?  and  Findlay^^®).  Other  Avmrkers 
claimed  a  hyperplasia  (Korenchevskyi^®),  whereas  Porter^'*®  claimed  that 
they  are  atrophied.  Haulbert*^^  claimed  that  they  showed  increased  pig¬ 
mentation.  IMarrian  and  Parkes^'*^  Avere  not  able  to  find  any  changes  in 
these  cells. 


Much  of  the  earlier  Avork  on  the  effect  of  vitamin  Bi  deficiency  on  the 
male  generatiA^e  system  has  been  criticized  by  Masoiff  because  he  believes 
that  many  of  the  results  obtained  AA^ere  due  to  an  associated  vitamin  E 
deficiency.  He  points  out  that  IMarburg^^®  had  noted  no  significant  changes 
in  the  testes  of  Chinese  coolies  dying  of  beriberi  and  that  MattilP«  and 
Evansi^^  found  motile  sperms  in  the  epididymus  and  normal  testes  in  rats 
suffering  from  a  severe  deficiency  of  vitamin  Bi. 

Moore  and  Samuels'”  found  atrophy  of  the  prostate  and  of  the  seminal 
vesicles  m  Bj-deficient  rats,  although  the  testes  in  these  animals  appeared 
normal.  I  he  same  changes  were  found  in  animals  suffering  from  inanition. 

Mason,  Marnan  and  Parkes,'”  Parkes,'"  Ueno,”^  and  Shin>«  made 
studies  Ill  vitamin  B:  deficiency  in  the  female  mouse.  They  found  that  in 

W  nf/i!™‘‘  growth  stopped,  the  open- 

Ig  of  the  vaginal  orifice  was  retarded,  sexual  maturity  was  delayed  and  the 

irnthT  “'k“  ^  Maw  ha!:: 

itZv  of  trov'^'’  ^  J^'-defieient  diet  show 

atrophy  of  the  ovaries  and  the  uterus.  Marrian  and  Parkes^^^  found  that 

1=8  C  liesearch,  6,  275  (1919). 

Cj.  M.  Findlay,  J,  Path.  Pact.  24,  175  (19211 

V.  Korenchevsky,  J.  Path.  Pact.  24.  175  (!921). 

141  n  ^  ^'end.  170,  755  (1920). 

Gr.  Haulbert,  Paris  niM.  33,  473  (I919) 

“  S;  I.  mS: 

146  n't,  1,  1  (1928). 

a’  S  '  Physiol.  96,  278  (1931) 

-  H.  Shfn  /rr  V  f  18’  897  (19i)  ^ 

,  J .  Chosen  Med.  Assoc.  23,  77  (1933)  * 
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atresia  of  follicles  of  all  sizes  occurred  in  the  ovary,  there  were  no  large 
follicles  at  all,  there  was  vacuolar  degeneration  of  the  ova,  and  no  recent 
corpora  lutea.  In  the  uterus  the  mucosal  cells  were  small,  the  endometrium 
was  reduced  in  thickness,  and  the  cells  of  the  uterine  glands  were  inactive. 

These  degenerations  may  be  due  to  failure  in  production  of  gonadotrophic 
hormones  from  the  pituitary  and  may  perhaps  be  correlated  with  the 
changes  in  the  pituitary.  A  few  such  changes  are  recorded  in  the  literature. 

Ueno^^^  attributed  the  genital  atrophy  of  the  female  in  Bi  deficiency  to  a 
primary  degeneration  of  the  sympathetic  nerves  passing  to  these  organs, 
but  Mason  was  sceptical  of  this  interpretation. 

In  pregnant  animals  vitamin  Bi  deficiency  may  induce  resorption  of  the 
fetus.  There  may  be  prolongation  of  pregnancy,  and  there  may  be  difficulty 
in  bearing  the  young.  Miscarriages  are  frequent.  These  changes  are  similar 
to  those  caused  by  simple  inanition. 

Vitamin  Bi  deficiency  appears  to  interfere  with  lactation,  but  there  is 
some  doubt  as  to  whether  this  is  specific. 


7.  Bone 


Rats  placed  on  a  vitamin  Bi-deficient  diet  cease  growing  after  about  3 
weeks  (Hertz*®).  In  such  animals  the  epiphyses  showed  a  considerable  re¬ 
duction  in  height  in  the  proliferative  cartilage  zone  (i.e.,  three  rows  of  cells 
compared  with  ten  to  fourteen  in  normal  animals).  There  w^as  a  great 
reduction  of  trabeculae,  or  they  were  completely  absent.  Ihe  marrow  cavity 
was  lined  by  cartilage  in  places.  These  results  of  Hertz  confirm  those 
previously  described  by  Shipley,  McCollum,  and  Simmonds^^  in  1921. 

Hertz  found  that,  if  he  fractured  a  long  bone,  normal  growth  of  the  bone 
was  inhibited  but  the  process  of  repair  proceeded  normally  with  respect  to 
both  structure  and  time.  Although  endochondral  ossification  had  ceased  a 

the  epiphysis,  it  continued  in  the  callus. 

These  findings  suggest  again  that  the  Bi  deficiency  causes  an  interference 
with  the  normal  functioning  of  the  pituitary  gland.  The  failure  of  epiphyseal 
growth  is  presumably  due  to  the  failure  of  production  of  the  pituitary 
growth  hormone,  but  the  intrinsic  ability  of  bone  tissues  to  proiiferate  and 

repair  is  unaffected. 

IV.  Riboflavin  Deficiency 


1.  Skin 

The  most  obvious  change  in  riboflavin-deficient  rats  ^ 

According  to  Follis*  the  fur  becomes  ragged,  and  the  hairs  become 
in  length  and  encrusted  with  a  red-brown  substance.  The  hair  th®  begi 
to  fafl  out,  areas  of  alopecia  develop  and  the  skin  then  becomes  scaly. 

'<•  P.  G.  Shipley,  E.  V.  McCollum,  and  N.  Simmonds,  3.  Biol.  Chem.  46, 343  (1921). 
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Microscopical  cxarnination  of  the  skin  of  such  animals  shows  that  the 
epidermis  is  undergoing  a  process  of  atrophy.  At  first  there  is  a  hyperkera¬ 
tosis  and  the  cells  of  the  sebaceous  glands  become  swollen  and  then  atrophy. 
Atrophy  is  also  the  fate  of  the  hair  follicles.  The  epidermis  decreases  greatly 
in  thickness,  and  the  filiform  papillae  on  the  tongue  become  defective.  The 
changes  in  the  mouse  skin  are  fundamentally  the  same  as  those  in  the  rat 
(Lippincott  and  Morris^^®),  and  there  may  be  accumulations  of  leucocytes 
in  the  skin.  Hamsters,  dogs,  pigs,  and  monkeys  all  show  skin  changes  in 
riboflavin  deficiency  (Roiith  and  Houchin,^^®  Potter  ei  Wintrobe  et 

and  Waisman^^®).  In  riboflavin  deficiency  in  human  beings  skin 
changes  in  the  mucocutaneous  junctions  are  reported  in  the  literature 
(Sebrell  et  al}^^  and  others).  These  changes  include  desquamation  of  the 
epithelium  of  the  lips  and  the  formation  of  fissures  in  the  mouth  angles. 


2.  Eyes 

Ocular  changes  also  occur  in  riboflavin  deficiency.  At  first  there  is  a  grow¬ 
ing  of  capillary  blood  vessels  from  the  limbic  plexus  into  the  cornea  (cor¬ 
neal  vascularization,  first  described  by  Bessey  and  Wolbach^^).  Wolbach 
and  Bessey2»  summarized  their  results  as  follows:  “The  first  invading  cap¬ 
illaries  lie  just  beneath  the  epithelium  and  extend  towards  the  centre  of  the 
cornea.  Later,  they  penetrate  the  tunica  propria.  As  the  deficiency  pro¬ 
gresses,  edema,  cellular  infiltration  and  separation  of  the  fibers  of  the 
tunica  propria,  with  resulting  corneal  cloudiness,  appear.  The  corneal  epi¬ 
thelium  shows  no  gross  changes  until  late  in  the  deficiency  and  then  under- 
goes  degenerative  changes  which  are  regarded  as  secondary  to  conditions 
m  the  tunica  propria.  In  advanced  cases,  the  collagen  fibers  of  the  tunica 
propria  become  fused  and  hyalinised  and  newly  formed  fibroblasts  ap¬ 
pear  m  the  zone  of  capillary  ingrowth  and  infiltration.  The  superficial 
epithelium  over  such  areas  becomes  markedly  changed  and  separated  from 
_e  deeper  layers.  Necrosis  and  ulceration  may  follow.  Prompt  regression 
of  all  lesions  follows  riboflavin  administration.  The  cornea  may  become 
cear  and  a  diminished  blood  flow  through  the  newly  formed  capillaries 
becomes  evident  within  a  few  hours;  and  unless  ulceration  has  occurrer 
the  eye  appears  histologically  normal  within  a  week,  e.vcept  for  the  presence 
of  collapsed  capillaries,  demonstrable  only  by  injection  methods  ” 

M.  M.  wLu;ot!V^tusci:keTl^^ 

Hopkins  Hosp.  76,  102  (1944)  ’  Bull.  Johns 

O.  A.  Bessey  and  S.  B.  Wolbael.: 
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In  addition  to  these  changes  a  number  of  workers  have  found  that  cata¬ 
racts  develop  in  riboflavin-deficient  animals.  Day  and  co-workers, Win- 
trobe  and  co-workers, j^^d  Bourne  and  Pyke^”  were  able  to  confirm  Day’s 
work,  but  some  other  workers  were  not  so  successful.  In  the  development 
of  such  cataracts  the  earliest  signs  of  change  were  found  to  be  epithelial 
proliferation  and  degeneration  of  fibers.  Then  the  fibers  broke  down  com¬ 
pletely  and  the  lens  became  an  opaque  amorphous  mass.  Pirie^^*  found  that 
histological  changes  in  the  eyes  in  riboflavin  deficiency  were  similar  to  those 

produced  by  tryptophan  deficiency. 

Most  of  the  organs  and  tissues  show  some  changes  in  riboflavin  deficiency, 
but  according  to  Wolbach  and  Bessey^^  these  changes  are  due  simply  to 
inanition  and  are  not  specific  for  deficiency  of  the  vitamin. 


3.  Nervous  System 

Some  authors  have  recorded  changes  in  the  nervous  system  m  riboflavin- 
deficient  animals.  Lippincott  and  Morris^^®  have  recorded  degeneration  of 
the  dorsal  columns  in  the  spinal  cord,  and  degeneration  of  the  periphera 
nerves  has  also  been  described  (Street  et  and  Wintrobe  et 

4.  Blood  Formation 

There  are  reports  in  the  literature  that  blood  formation  is  impaired  in 
riboflavin  deficiency.  Miller  and  Khoads'“  produced  a  blood  condition  in 
pigs  which  resembled  a  macrocytic  anemia,  and  Gyorgy'  ‘  claimed  that 
riboflavin  increased  hemoglobin  production  in  anemic  dogs  Spector  aL 
have  shown  by  careful  experiments  that  dop  completely  deficient  in  ribo¬ 
flavin  became  severely  anemic  after  even  slight  bleeding.  Spec  ®  '® 
that  the  size  of  new  blood  cells  is  determined  at  least  in  part  by  iiboflav 
and  that  this  vitamin  is  probably  concerned  with  the  metabolism  P  ' 
sibly  the  arrangement  of  the  amino  acids  in  the  molecules  of  hemojob  . 
It  ilo!  interest  also  that  Cottiiigham  and  Mills'*’  have  shown  that  phag 
cytosis  is  impaired  in  riboflavin  deficiency. 

5.  Embryonic  Tissues 

Within  recent  years  striking  changes  have  been  of  all  the 

from  riboflavin-deficient  mothers.  Shortening  of  the  mandible  and  of  a  1  the 
boTes  of  the  fingers  and  toes  have  been  described.  In  severe  deficiency  there 

a.  P  I,  Day,  W.  J.  Darby,  ami  K.  W.  Cosgrove,  J.  lV«tr«oa  15,  83  (1938). 

in  M.  C.  llourne  ami  M.  A.  Pyke,  Hiochem  J.  29,  1865  (1936). 

158  A  Vine,  Brit.  J.  Nutrition  2,  U  {\W-  qo  nQ4n 

...  S  W  Lippincott  an, I  II.  P.  f  “““’p  i  n '(1930) 

...  U  K.  Miller  ami  C.  P.  Rhoads,  Proc.  Soc.  E.pll.  Bwl.  Med.  30.  540  (1930). 

...  P.  Gyorgy,  Am.  J.  Phynol  122  154  (19M)^  and  E,  B.  Hart,  J. 

...  H.  Specter,  A.  It.  Maass.  L.  M.chau.l,  C.  A.  Llvelijem, 

Biol.  Chem.  160,  75  (1943). 
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is  actually  a  disappearance  of  some  of  these  bones,  and  fusion  of  ribs  and 
cleft  palate  have  also  been  noted  (see  Warkany  et  (see  Figs.  23- 

28).  Giroud  and  co-workers^®®'^^^  found  that  abortion  was  frequent  in  ribo¬ 
flavin  deficiency  and  that  monsters  often  were  born  (Giroud^®®).  Lepkovsky 
et  had  previously  showed  that  riboflavin  deficiency  in  the  chick  em¬ 
bryo  produced  a  degeneration  of  the  mesonephros  and  the  development  of 
edema  and  anemia. 


6.  Endocrines  and  Liver 

Deane  and  Shaw^®^  have  shown  that  in  riboflavin  deficiency  there  is  a 
mild  stimulation  of  the  adrenal  in  the  early  stages  which  later  disappears. 
Normal  lipoid  with  a  normal  content  of  ketosteroid  appeared  to  persist 
through  most  of  the  deficiency.  Birefringent  lipoid  was  increased  in  the 
outer  fasciculata  (in  which  the  cells  are  reduced  in  size),  but  the  mito¬ 
chondria  were  normal.  Livers  in  riboflavin-deficient  animals  showed  a  fatty 
infiltration  in  the  early  stages  of  deficiency,  but  as  the  deficiency  increased 
this  fat  disappeared.  Glycogen  was  present  in  cells  near  the  central  veins 
of  the  lobule,  and  the  mitochondria  of  the  liver  cells  Avere  normal. 


V.  Nicotinic  Acid  Deficiency 


1.  Gener.\l  Effects 

Chittenden  and  Underhill'^s  in  1917  described  pathological  changes  in 
dogs  which  closely  resembled  those  of  human  pellagra.  There  was  a  hemor- 
r  agic  condition  of  most  of  the  colon  and  rectum.  Later  Goldberger  and 
V\  heeler  '  produced  what  they  called  “black  tongue”  (canine  pellagra)  by 
feeding  dogs  with  a  human  pellagra-producing  diet.  The  pathology  of  these 
dogs  was  described  by  Denton.n^  He  found  degeneration  of  the  mucous 

Immunol.  47,  493  (1943). 

US'!’  Nelson,  Science  92,  383  (1940). 

166  t'  ^  C.  Nelson,  Anat.  Record  79,  83  (1941). 

167  'I'  C.  Nelson,  J.  Nutrition  23,  321  (1942) 

S2  dott)  Am.  J.  Diseases  Children 

■‘“1  Schraffenherser,  Proe.  Soc.  Erptl.  Rial.  Med.  64,  92  (1943) 

™  1  Giroud  )  F,?  "r':*  <l«  -"ologie,  Paris,  1948. 

(1949).  ’  ''ilerji.  ,)i7oiiimo(.  21,  261 

d94°)™“‘‘'  *"•'  J-  ««'■  intern,  nitaminol.  21,  255 

S,  Lepkovsky,  Hilgardia  11,  559  (1938) 

U.H.  Chittenden  and  F.  P.  Underhill,  Am.  J.  Physiol  44  n  noiTi 
J.  Goldberger  and  G.  A,  Wheeler  PnhUr  u  ui.  »  G9D). 

J.  Denton,  A™.  7.  Path.  4,  34Mi92d)  ®  >  <'“8). 
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membranes  and  changes  in  the  skin.  In  man  (Denton^^®  and  Moore  et  alP’’) 
there  is  first  of  all,  in  the  skin,  a  rarefaction  of  the  superficial  parts  of  the 
subepithelial  connective  tissue  (corium)  and  a  dilatation  of  the  blood  vessels 
which  produces  an  erythema.  There  is  also  keratinization  of  the  epidermis. 
The  epidermis  may  separate  from  the  dermis.  The  sebaceous  glands  and 
hair  follicles  atrophy,  but  the  sudoriparous  glands  do  not  seem  to  be  af¬ 
fected.  Peripheral  nerves  in  the  skin  appear  to  degenerate.  Necrotic  changes 

in  the  skin  may  also  occur. 

The  skin  changes  are  exacerbated  by  the  sunlight. 


2.  Alimentary  Tract 

The  small  intestine  in  nicotinic  acid  deficiency  becomes  red,  its  walls 
become  thickened,  and  it  is  covered  by  grey  cyst-like  structures  which  are 
produced  by  distension  of  the  crypts  of  Lieberktihn.  The  fluid  content  of 
these  cysts  is  the  normal  secretion  of  the  crypts  (Hertzenberg^^®) .  The 
mucosa  of  the  colon  may  also  be  infiltrated  with  various  leucocytes,  partic¬ 
ularly  lymphocytes,  plasma  cells,  and  eosinophiles  (Denton^'^®). 


3.  Nervous  System 

The  nerve  plexuses  associated  with  the  colon  show  signs  of  degeneration, 
and  other  nervous  changes  occur,  though  they  generally  appear  rather  late 
in  the  deficiency.  They  are  more  usually  central,  as  distinct  from  those  of 

beriberi,  which  are  more  commonly  peripheral. 

In  the  cerebral  cortex  of  brain,  foci  of  pyramidal  cells  show  displacement 
of  the  nucleus,  accumulation  of  fat,  and  chromatolysis.  These  changes  tend 
to  occur  more  commonly  in  the  frontal  lobe.  The  spinal  cord  changes  are 
most  marked  in  the  columns  of  Goll,  although  other  tracts  may  be  affected. 
The  changes  take  the  form  of  diminishment  m  the  number  of  nerve  cel  s 
and  the  replacement  of  the  presumably  degenerated  cells  by  a  ghal  scar 

(Orton  and  BeadeP^*).  . 

Pathological  changes  in  pig  pellagra  and  canine  blacktongue  are  in  g 

eral  similar  to  those  found  in  human  pellagia. 


4.  Kidney 

Although  rats  do  not  appear  to  develop  characteristic  skin  lesions  on  a 
nicoUn  acid-deficient  diet,  Bourne  and  Harris;  found  that  " 
from  a  profound  tubular  degeneration  of  the  kidneys.  Other  changes  found 
were  atrophy  of  pituitary  adrenals  and  testes  and  a  complete  cessation 

111  J.  Denton,  Am.  J.  Trap.  Med.  6,  173  (1925).  46  100 

.11  R.  A.  Moore,  T.  D.  Spies,  and  Z.  K.  Cooper,  Arch.  Dermatol.  Sgphtlol.  46, 

ii«  H^Herteenberg,  Beitr.  path.  Anal.  u.  allgem.  Palh^  96,  OT  (1935). 

.1.  S.  T.  Orton  and  I,.  Reader,  Bull.  Neurol.  Inel.  JV.  b.  1,  606  (1931). 
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endochondral  ossification  at  the  costochondral  junctions.  There  was  also 
a  loss  of  HCl-secreting  cells  from  the  stomach.  The  endocrine  and  repro¬ 
ductive  changes  resemble  those  of  simple  inanition  and  these  at  least  are 
probably  not  due  specifically  to  the  deficiency  of  nicotinic  acid. 


5.  Tissue  Culture 

The  precise  function  of  nicotinic  acid  in  cells  is  still  in  some  doubt,  al¬ 
though  it  has  been  shown  to  be  present  in  cells  as  a  coenzyme  and  Halh*“ 
tried  the  effects  of  nicotinic  acid  and  its  homologues  on  cultured  embryonic 
chick  heart.  The  first  homologue,  pyridine-3-sulfonic  acid,  inhibited  the 
migration  of  cells,  and  this  effect  could  not  be  reversed  by  nicotinic  acid. 
After  96  hours,  however,  some  flat,  dark  cells  did  migrate  from  the  ex¬ 
plant.  The  second  homologue,  acetyl-3-pyridine,  stimulated  migration  in 
low  concentration  but  inhibited  it  in  high  concentration.  After  48  hours  of 
inhibition  large  yellow  cells  appeared  from  the  explant  which  later  on 
became  dark  and  rounded.  It  was  of  interest  that  both  compounds  inhibited 
the  uptake  of  added  to  the  substrate  as  a  tracer. 


VI.  Pyridoxine  Deficiency 
1.  Skin 

Pyridoxine  deficiency  produces  a  dermatitis  in  rats  (Sullivan  and  Nich- 
olls'«‘).  The  dorsal  surfaces  of  the  hind  paws  and  to  a  lesser  extent  the  front 
paws  become  erythematous.  The  plantar  surface  then  becomes  affected  in 
Uie  same  way,  and  hyperkeratosis  and  scaling  of  the  epidermis  sets  in  (see 

ffn  u  changes  then  develop  in  the  skin  in  other  parts 

ot  the  body  notably  on  the  ears,  nose,  chin,  and  parts  of  the  thorax  The 
conum  IS  edematous  m  the  dermatotic  regions  and  is  infiltrated  with  leuco- 
cytes  (chiefly  monocytes  and  lymphocytes).  Under  the  microscope  the 
epArmis  shows  an  increased  thickness  in  all  layers.  Mitosis  is  very  active 
in  the  basal  layers.  The  hair  follicles  and  the  sebaceous  glands  do  not  appear 
o  be  specifically  affected,  although  in  the  later  stages  of  deficilcy  Z 

fomd  in'Tfi"  "  have  also  bLn 

found  in  deficient  rats  by  Agnew.-«  He  also  found  a  hematuria  and  an 

increase  in  t  re  weights  of  the  heart  and  kidneys  relative  to  the  body  weight. 

2.  Adrenals  and  Liver 

181  M  f  3L  75  (1950). 

L.  Rl'c.^'Agnrvv  Dermatol.  3,  317  (1940). 

183  w  Ax  f  •7-  Nutrition  3,  217  (19491 

W.  Antopol  and  K.  Unna,  Arch.  Path.  33,  241  (1942). 
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and  reticulate  zones  of  the  rat  adrenal  showed  increased  lipoid  content  while 
the  glomerulosa  appeared  normal.  After  6  to  10  weeks  of  deficiency  they 
found  that  the  lipoid  content  of  all  zones  was  normal.  The  livers  of  such 
rats  contained  no  fat  but  possessed  a  moderate  amount  of  glycogen  which 
was  more  concentrated  at  the  periphery  of  the  liver  lobule  than  at  the 
center.  Richards^®^  found  atrophy  of  the  thymus  in  pyridoxine-deficient  rats. 


3.  Sites  of  Lesions 

Wolbach  and  Bessey^^  claim  to  have  seen  lesions  in  their  experimentally 
deficient  rats  in  heart,  eye,  thyroid,  parathyroid,  trachea  and  lungs,  para- 
ocular  glands,  salivary  glands,  stomach,  intestines,  livei,  spleen,  kidneys, 
pancreas,  adrenals,  ovary  and  testis,  bone  and  bone  marrow,  lymph  nodes, 
skeletal  muscle,  and  nervous  system;  but  these  changes,  they  claim,  are 
non-specific  and  are  due  only  to  the  processes  of  inanition  (see  Figs.  29, 
30,  and  37).  There  appears  to  be  some  evidence  that  the  dermatitis  of 
pyridoxine  deficiency  can  be  cured  by  unsaturated  fatty  acids  (Scheider^®®). 

4.  Dogs 

Dogs  on  a  pyridoxine-deficient  diet  suffer  from  microcytic  hypochromic 
anemia  (Street  et  although  Follis^  drew  attention  to  the  possible 

relation  of  folic  acid  to  this  condition.  Follis  has  described  a  similar  anemia 
in  swine,  pointing  out  that  the  number  of  red  cells  falls  by  50%  m  a  few 
weeks  and  that  it  is  accompanied  by  anisocytosis.  Pyridoxine  treatment 
produced  an  immediate  reticulocyte  response.  As  in  the  dog,  the  anemia 
was  not  completely  cured  by  pyridoxine  alone. 


5.  Nervous  System 

Follis  and  Wintrobe'*’  have  found  demyelinization  of  peripheral  nerves 
in  the  pig  on  a  pyridoxine-deficient  diet,  with  some  possible  axone  damage 
(Figs.  31  and  32).  The  myelin  degeneration  is  progre^ive,  and  the  dois 
root  fibers  and  dorsal  columns  of  the  spinal  cord  also  become 
Fig.  38).  The  nerve  cells  in  these  regions  show  chromatolysis,  atrophy, 

^"tamalhlgtlwami  and  Sinclair'*'  also'found  changes  in  the  nervous  system 
together  with  pathological  alteration  of  the  skin  and  i®"' ® 

in  pyridoxine  deficiency.  They  found  frequent  severe  P"; 

and  angles  of  the  mouth  and,  less  frequently,  lesions  of  the  aiiogenit. 

184  M  B.  Richards,  Brit.  J.  Nutrition  3,  109,  132  (1949). 
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regions.  At  the  mucocutaneous  junctions  they  found  that  the  earliest 
changes  were  erythema  and  edema,  followed  by  hyperkeratosis  and  fis- 
suring.  These  changes  were  described  in  rats. 


VTI.  Choline  Deficiency 

Choline  and  methionine  are  sources  of  methyl  groups  and  are  therefore 
important  in  the  body  in  the  processes  of  transmethylation,  particularly  so 
since  the  body  is  said  not  to  be  able  to  produce  methyl  groups  itself.  Cho¬ 
line  is  apparently  necessary  for  fat  transport.  Deficiency  of  choline  there¬ 
fore  results  in  an  accumulation  of  fat  in  the  liver,  beginning  as  small  droplets 
which  eventually  run  together  to  form  a  large  droplet  of  fat  which  occupies 
the  whole  of  the  hepatic  cell,  pushing  the  nucleus  to  one  side  (see  Fig.  18). 
This  damage  to  the  liver  cell  eventually  leads  to  the  e.xcessive  production 
of  fibrous  tissue  (scarring),  and  the  liver  becomes  cirrhotic.  A  waxy  pigment 
also  develops  in  the  liver  in  choline-deficient  rats.  The  kidneys  in  such 
animals  show  dilatation  of  cortical  blood  vessels,  sometimes  with  hemor¬ 
rhage  and  necrosis  of  the  renal  tubules  (see  Fig.  19),  a  condition  not  unlike 
that  found  by  Bourne  and  Harris®®  in  rats  on  a  nicotinic  and  deficient  diet. 
Eye  changes  may  also  be  present  in  rats  in  choline  deficiency,  and  there  may 
be  hemorrhages  into  the  lens  and  vitreous  and  ciliary  processes,  which  also 
become  swollen  and  appear  edematous  (Bellows  and  Chinn’®®). 


VIII.  Biotin  Deficiency 

Biotm  deficiency  has  been  induced  in  chickens,  rats,  mice,  monkeys, 
dogs,  and  man.  In  the  rat  there  is  a  characteristic  dermatosis  which  is 
erythematous,  scaly,  greasy,  and  itchy.  Growth  ceases,  posture  is  unusual 
and  there  is  a  high-stepping  spastic  type  of  gait.  The  hair  follicles  around 
t  e  eyes  degenerate,  and  the  rat  takes  on  a  spectacled  appearance  (Sullivan 
and  co-workers’®® -i®’).  Microscopical  observation  of  the  dermatotic  skin 
shows  that  hyperkeratosis  is  present  and  that  acanthosis  (increase  in  the 
layer  of  prickle  cells)  occurs.  There  is  an  infiltration  of  leucocytes  into  the 
dermis  which  becomes  edematous.  The  hair  follicles  become  blocked  by 

“  “L"’  ‘he 

Okey  et  ai.>«  found  that  biotin-deficient  rats  became  extremely  sensitive 

rndXr  fi?tTrer 

castrated  males  implantation  of  diethylstilbestrol  del'ayeVthe  develojmenl 
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of  the  deficiency  but  that  implantation  of  testosterone  in  both  castrated 
males  and  females  increased  the  deficiency. 

Despite  the  appearance  of  nervous  incoordination,  there  are  no  signs  of 
damage  to  the  central  nervous  system,  but  the  muscles  show  signs  of  atro¬ 
phy  and  in  some  regions  there  is  necrosis  of  the  fibers.  In  chicks  Couch 
et  found  that  biotin  deficiency  caused  shortening  of  the  tibiotarsus, 
the  distal  end  of  which  was  bent  posteriorly.  The  tarsometatarsus  was  also 
shortened,  and  the  distal  end  was  bent  medially.  In  some  chicks  the  wing 
bones  were  shortened  also. 

Wilson  et  and  Montagna^®^  found  that  in  biotin  deficiency  in  the 
mouse  normal  differentiation  and  function  of  the  skin  were  impaired.  As  in 
the  rat,  the  pilosebaceous  units  were  blocked,  and  in  the  sebaceous  cells 
the  lipoid  droplets  were  much  larger  tha  normal.  Some  cells  fragmented, 
and  the  lipoid  phagocytosed  by  dermal  histiocytes.  In  the  dermis  mesen¬ 
chyme  cells,  in  mast  cells,  and  in  leucocytes  were  increased. 

Burt^®®  found  that,  in  236  tissue  cultures  of  embryonic  chick  neuroblasts, 
spindle  cells,  and  macrophages,  biotin  had  no  growth-stimulating  properties. 


IX.  Pantothenic  Acid  Deficiency 

Pathological  changes  in  pantothenic  acid-deficient  animals  have  been 
described  in  the  rat  (Sullivan  and  Nicholls^®^,  the  mouse  (Jones  et 
and  the  pig  (Wintrobe  et  aL^®®). 


1.  Skin 

The  skin  of  the  rat,  according  to  Sullivan  and  Nicholls,  showed  loss  of 
hair  around  the  ears  and  the  snout,  the  remainder  of  the  hair,  if  pigmented, 
becoming  gray.  There  was  hyperkeratosis  and  increase  of  the  prickle  cell 
layer  in  the  skin  (acanthosis).  The  whole  skin  eventually  became  atrophic. 

2.  Alimentary  Tract,  Nervous  System,  and  Bone 

There  was  hyperemia  of  the  intestine,  particularly  in  the  large  intestine. 
Ulcers  developed  in  the  lymphoid  follicles  of  the  walls  and  sometimes  ed 
to  perforation  (Fig.  40).  The  cells  of  the  epithelium  became  atrophic,  the 
process  starting  as  small  atrophic  foci  which  eventually  spread  and  covered 

J.  R.  Couch.  W.  W.  Cravens,  C.  A.  Elvehjem,  and  .1.  G.  llnlpin.  Anat.  Record 

...  E.  H.  Leduo,  and  D.  h!  Winston,  J.  NulriUon  38,  73  (1949). 

195  W.  Montagna,  Proc.  Soc.  Exptl.  Biol. 

198  A.  S.  Burt,  Proc.  Soc.  Exptl.  Biol.  Med.  64  191  (194  ). 

197  M  Sullivan  and  J.  Nicholls,  Arch.  Dermatol.  SyphiloL^,  9  7  (19  b 

198  H  Jones,  C.  Foster,  F.  Dorfman,  and  G.  Hunter,  J 
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the  whole  of  the  lower  gut.  Atrophic  cells  accumulated  in  the  crypts  which 
became  dilated.  Finally  the  epithelium  necrosed  with  the  development  of 
ulcers  (see  also  Fig.  41).  There  were  some  degenerative  changes  in  the 
Harderian  glands;  in  the  nervous  system  there  was  dissolution  of  the  Nissl 
bodies  in  the  cells  of  the  dorsal  root  ganglia  (see  Fig.  42).  In  the  latter 
stages  demyelination  and  degeneration  of  the  axis  cylinder  of  peripheral 
nerves  occurred.  Degeneration  of  fibers  in  the  dorsal  columns  of  the  spinal 
cord  and  of  the  cells  in  the  anterior  horns  was  also  present.  Nelson  et 
have  summarized  the  changes  occurring  in  the  pantothenic  acid-deficient 
rat  as  consisting  of  graying  of  the  hair,  dermatosis,  porphyrin  deposition, 
and  reduced  growth  of  long  bones.  In  the  bones  of  the  rat,  after  21  to  23 
days  of  deficiency,  there  was  an  absorption  of  trabecular  bone,  a  decreased 
proliferation  of  osteoblasts,  and  edema  of  the  bone  marrow.  Betw'een  33 
and  63  days  retardation  of  osteogenesis  occurred,  and  between  78  and  109 
days  a  heavy  layer  of  bone  was  formed  which  sealed  off  the  epiphyseal 


cartilage. 


3.  Adrenals 


One  of  the  organs  most  seriously  affected  by  pantothenic  acid  deficiency 
is  the  adrenal  gland.  According  to  Ashburn^oi  there  is  in  the  rat  a  depo¬ 
sition  of  hemosiderin  in  the  gland;  there  is  also  hemorrhage,  together 
with  atrophy  of  some  of  the  cells,  followed  by  necrosis.  The  inner  part  of 
the  zona  fasciculata  and  the  whole  of  the  zona  reticularis  appears  to  be 
affected,  but  the  rest  of  the  cortex  does  not  seem  to  suffer  from  these  changes 
although  many  of  the  cortical  cells  lose  most  of  their  lipoid  (see  Fig.  43). 
Melampy^'’^  found  that  in  pantothenic  acid  deficiency  there  was  a  progres¬ 
sive  loss  of  ketosteroids  from  the  adrenal  cortex  which  became  hypertro¬ 
phied  and  that  there  was  an  accompanying  loss  of  lipoids  from  the  cells. 
This  suggested  that  pantothenic  acid  mav  be  essential  for  tbo 
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This  suggested  that  in  pantothenic  acid  deficiency  the  adrenal  had  lost  its 
ability  to  produce  steroids  in  response  to  anterior  pituitary  stimulation. 

Cowgill  et  stated  that  their  own  and  previous  work  had  established 
that  a  characteristic  lesion  developed  in  the  adrenal  cortex  in  response  to 
pantothenic  acid  deficiency  and  that  this  lesion  was  more  severe  following 
treatment  with  ACTH  but  that  cortisone  prevented  development  micro¬ 
scopically.  They  concluded  that  the  above  work  together  with  functional 
studies  on  carbohydrate  metabolism  supported  the  view  that  in  pantothenic 
acid  deficiency  there  was  inadequate  cortical  function.  They  believe  that 
pantothenic  acid  acting  as  coenzyme  A  is  necessary  for  the  synthesis  of 
adrenal  steroids. 

4.  Embryos 

Boisselot-°®  has  found  that  in  female  rats  on  a  pantothenic  acid-deficient 
diet  there  is  interference  with  the  estrus  cycle  and  that  the  deficient  preg¬ 
nant  rat  gave  birth  to  abnormal  young,  some  of  which  were  born  dead. 
Many  of  them  were  devoid  of  eyes  (see  Fig.  39),  there  was  no  optic  nerve, 
and  abnormalities  of  the  brain  and  vertebral  column  also  occurred  (see 
Figs.  44  and  45).  Administration  of  choline  and  nicotinic  acid  to  the  panto¬ 
thenic  acid-deficient  pregnant  females  exacerbated  these  conditions. 


X.  Folic  Acid  Deficiency 

Hematologic  changes  characteristic  of  deficiency  of  this  vitamin  are  re¬ 
ferred  to  elsewhere  in  this  book,  but  other  aspects  of  folic  acid  deficiency 
might  be  mentioned  here.  Sunde^o^  found  that  chick  embryos  derived  from 
hens  deprived  of  folic  acid  had  a  high  mortality  about  the  twentieth  day 
of  incubation.  There  was  syndactylia,  deformity  of  beaks,  and  bending  o 
the  tibiotarsus.  Nelson  et  also  found  congenital  abnormalities  m  leta 
rats  whose  mothers  were  subjected  to  folic  acid  deficiency  during  pregnancy 

f see  Fiffs.  20,  21,  and  22).  ...  i  r 

^  There  appears  to  be  considerable  evidence  that  folic  acid  is  essential  or 

growth  and  development,  as  well  as  hemopoiesis.  This  is  presumably  be¬ 
cause  of  its  role  in  the  synthesis  of  protein 
sis  of  protein  folic  acid  appears  to  facilitate  the  ‘''j 

formate  for  the  production  of  ammo  acids  (Plant  ci  al.  I*  _ 
that  both  folic  acid  and  vitamin  Bu  are  concerned  in  the  synthesis 
desoxyribonucleic  acid  (Woods^^“). 
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XI.  Vitamin  C  Deficiency 

1.  General  Background 

The  deficiency  disease  described  as  scurvy  has  been  known  for  a  very 
long  time.  There  are  even  records  which  date  back  to  the  time  of  the  Cru¬ 
sades  (see  the  accounts  by  De  Joinville,  in  1250,  of  the  disease  which  beset 
the  crusading  armies  of  Louis  IX  before  Cairo,  published  in  Menard’s 
1617  edition  of  De  Joinville’s  writings;  see  also  Angelenus,^^^  1604;  Kra- 
mer,^^^  1720;  Walter,^^*  1748;  Lind,^^'*  1753;  Linton^^®  1858;  Smart, 1888). 
All  these  authors  described  macroscopic  changes  in  tissues  and  failure  of 
wounds  and  fractures  to  heal  in  scurvy.  The  first  comprehensive  account 
of  tissue  changes  in  scurvy  were  given  by  Iless^^^  in  1920. 


2.  Clinical  Scurvy 

Lind  found  that  the  blood  of  persons  who  had  died  of  scurvy  did  not 
clot,  whether  it  was  left  in  the  body  or  whether  it  was  drawn  into  a  vessel. 
The  lungs  were  “blackish  and  putrid”  and  the  muscles  “stuffed  with  black 
corrupted  blood.”  Some  bodies  when  moved  could  be  heard  to  grate,  and 
when  they  were  opened  the  epiphyses  of  the  long  bones  were  found  to  be 
entirely  separated  away.  Some  persons  when  alive  had  been  heard  to  make 
a  small  low  noise”  when  they  breathed;  in  these  the  cartilages  of  the 
sternum  were  found  to  be  separated  from  the  bony  parts  of  the  ribs.”  In 
some  the  ribs  were  carious,  and  ligaments  of  the  joints  were  corroded  and 
loose  in  nearly  all.  Abnormalities  in  the  bones  appeared  to  be  a  constant 
feature  of  scurvy;  between  1883  and  1918  there  were  ten  publications  on 
post-mortem  changes  in  scurvy  in  which  only  the  changes  in  the  bones  are 
described.  Lmd  noted  also  the  presence  of  what  Hess^i^  subsequently  de¬ 
scribed  as  “peculiar  boggy  tumour-like  masses  of  localised  oedema,”  which 
e  regarded  as  typical  of  scurvy.  He  also  found  that  the  “breast,  belly  and 
several  other  parts  of  the  body  were  filled  with  water  or  serum.”  Barlow^i^ 
wrote  also  that  “the  muscular  walls  of  the  thorax  were  pale  yellow  and 
watery,  as  though  they  had  been  bathed  in  serum.” 

Aschoff  and  Koch^i*  and  Hess^i^  stressed  the  fact  that  the  characteristic 
Angelenus  (1604),  quoted  by  Lind,  ref.  214 
J.  F.  Kramer  (1720),  quoted  by  Lind  ref  ^14 
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lesions  of  scurvy  are  those  of  the  bones.  The  epiphyses  in  all  young  persons 
have  separated  from  the  bones,  and  ii  young  children  there  has  been  found 
a  beading  of  the  ribs,  wrongly  ascribed  (according  to  Hess)  to  the  effects 
of  vitamin  D  deficiency,  i.e.,  rickets.  Scorbutic  monkeys  have  also  been 
shown  to  develop  this  beading  of  the  ribs  (Hart  and  Lessing^-®). 

The  most  constant  feature  of  scorbutic  bones  is  a  subperiosteal  hemor¬ 
rhage  which  may  extend  for  some  considerable  distance  along  the  bone. 
If  a  scorbutic  bone  is  split  longitudinally,  the  cortex  can  be  seen  to  be 
exceedingly  thin  and  very  brittle  and  the  marrow  to  have  lost  its  red  color 
and  become  yellowish  in  color  and  gelatinous  in  consistency.  This  changed 
marrow  is  known  as  the  “Geriistmark.”  Hemorrhages  can  also  be  seen  in 
the  marrow.  The  principal  change  in  the  bones  (as  described  by  Aschoff  and 
Koch  and  by  Hess)  takes  place  at  the  ends  of  the  diaphyses  where  junction 
is  normally  affected  with  the  cartilage.  Ribs  show  these  characteristic 
changes  very  well.  The  following  description  of  microscopical  sections  of 
scorbutic  bones  is  taken  from  the  account  given  by  Hess.^i^  Normally  the 
junction  of  bone  and  cartilage  is  a  straight  line.  In  scurvy  the  line  of  junc¬ 
tion  is  wavy  and  irregular — generally  speaking,  it  is  concave  towards  the 
bone.  At  the  junction  is  what  is  called  the  “Triimmerfeld”  zone,  where  all 
the  normal  tissues  of  the  region  are  in  a  state  of  disorder.  Small  and 


large  bony  trabeculae  are  scattered  irregularly  about.  Cells  are  irreg¬ 
ular  in  shape  and  not  arranged  in  an  orderly  fashion,  and  there  are 
signs  of  past  and  recent  hemorrhages  and  unrecognizable  detritus.  Hess 
said,  “the  picture  is  that  of  weakened  bone  having  been  crushed  by  the 
preskire  of  the  more  compact  cartilage.”  Very  few  osteoblasts  are  present 
in  this  zone.  There  are  a  greater  number  of  spindle  or  stellate  connective 
tissue  cells.  Aschoff  and  Koch^^^  described  a  fibrin  mass  (partly  organized 
into  connective  tissue)  which  covers  the  mass  of  detritus.  The  cartilage  of 
the  rib  is  also  abnormal.  The  usual  proliferating  columns  of  cells  near  the 
bone  have  disappeared,  but  a  few  may  persist  near  the  periphery. 

Next  to  the  Trummerfeld  zone  is  the  Geriistmark  (framework  marrow), 
which  appears  to  be  of  a  fibrogelatinous  nature.  The  trabeculae  at  the  head 
of  each  bone  are  greatly  reduced  in  thickness.  The  osteoblasts  which  occur 
along  the  edges  of  the  trabeculae  are  said  to  become  spindle-shaped  an 
shriveled.  There  is  no  excess  of  osteoclasts  (which  are  believed  to  be  asso¬ 
ciated  with  bone  resorption),  so  the  rarefaction  of  the  trabeculae  is  obvi¬ 
ously  not  due  to  increased  osteoclastic  activity.  Hess  sugges  e  la 
thimiitig  of  the  trabeculae  is  due  to  the  combination  of  normal  bone  resorp¬ 
tion  and  the  failure  of  normal  bone  regeneration.  Ascholf  and  ‘  ' 

that  the  “framework  marrow”  is  normally  able  to  make  bone  trabeculae 


220  C.  Hart  and  O.  Lessing,  Der 


Skorbut  der  kleinern  Kinder,  Ferdinard  Euke, 


1913. 


STRUCTURAL  CHANGES  IN  VITAMIN  DEFICIENCY 


79 


but  that  in  scurvy  there  is  a  lack  of  the  material  required  to  build  the 
osteoid. 

The  weakening  of  the  cortex  of  long  bones  sometimes  results  in  a  separa¬ 
tion  of  the  epiphysis  from  the  diaphysis.  The  separation  does  not  take  place 
at  the  junction  of  the  two  but  is  actually  due  to  a  fracture  in  the  upper 
part  of  the  diaphysis^ — a,  sort  of  Colles’  fracture.  The  present  author  has 
observed  that  in  dissecting  out  bones  from  scorbutic  guinea  pigs  great  care 
must  be  exercised  to  avoid  pulling  off  the  epiphysis  from  the  diaphysis  (in 
this  case  the  separation  is  at  the  line  of  junction).  In  normal  guinea  pigs 
it  is  very  difficult  to  pull  off  the  epiphysis  during  dissection.  During  macera¬ 
tion  of  bones  in  0.5  %  KOH  it  may  be  seen  also  that  the  epiphyses  of  scor¬ 
butic  bones  come  away  from  the  diaphyses  much  sooner  than  those  of 
normal  bones. 


3.  Experimental  Scurvy 


a.  General  Effects.  Clinical  scurvy  may  of  course  be  due  not  only  to 
vitamin  C  deficiency  but  to  other  deficiencies  as  well.  It  is  necessary,  there¬ 
fore,  to  quote  evidence  obtained  from  experimental  scurvy  in  which  the 
diet  has  been  controlled  before  we  can  regard  the  histological  findings  of 
human  scurvy  as  being  due  entirely  to  vitamin  C  deficiency.  The  first 
workers  to  produce  unequivocal  experimental  scurvy  were  Holst  and  Froh- 
lich22i  (1903),  but  some  time  before  this  Theobald  Smith222  (1895)  had 
pointed  out  that  guinea  pigs  fed  entirely  on  cereals  died  in  1  to  2  months 
from  a  disease  which  was  characterized  by  extravasations  of  blood  in  the 
subcutaneous  tissues. 


Bolle  (1902)  reported  fragility  of  bones  in  experimental  guinea  pigs  fed 

entirely  on  cow’s  milk  (cow’s  milk  has  very  little  vitamin  C  i  e  1  ms 
per  100  ml.).  ’  ‘ 

For  some  years  ship  beriberi  had  been  a  serious  cause  of  disablement  of 
Norwegian  sailors,  and  in  1907  Holst  and  Frohlich224  attempted  to  produce 
the  disease  m  guinea  pigs.  They  got  scurvy  instead.  Of  this  matter  Hess 
made  the  following  observation:  “A  diet  of  polished  rice,  or  other  decor- 
icated  gram,  will  lead  to  the  development  of  scurvy  in  the  guinea-pig  to 
polyneuritis  m  the  pigeon  or  fowl,  or,  according  to  Holst  and  Frohlich’  to 
a  combination  of  these  disorders  in  the  hog.”  It  is  rather  extraordinary  that 
man,  monkeys,  and  guinea  pigs  are  unique  in  requiring  vitamin  C  in  the 

^Vn\he  (Arctomys  marmot(a)  to  the  list, 

the  question  of  whether  guinea  pig  scurvy  is  a  disease  which  can  be 

T  I  Tfl'  ref.  224. 

m  n  S  A  Industry  Ann  Rent  d  172  nso«.^ 

L!  £•  Therav.  6.  354  (1902).  ^ 

226  Hyg.  7,  634  (1907). 

A.  Miwa,  Oriental  J.  Diseases  Infants  26,  3  (1939). 
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regarded  as  identical  with  human  scurvy,  Hess  said;  “Viewed  from  these 
standpoints  [i.e.,  mode  of  production,  pathology,  symptomatology  and 
means  of  cure]  the  disease  is  identical  in  man  and  in  the  guinea-pig.  The 
outstanding  distinction  is  the  difference  in  the  length  of  time  elapsing 
before  the  development  of  the  symptoms.  In  the  child  or  in  the  adult  it 
takes  about  6  months  of  the  deficient  diet  before  clinical  symptoms  are 
manifest  and  diagnosis  can  be  established;  in  the  guinea-pig  the  disorder 
can  be  recognised  two  weeks  after  restricting  the  diet.”  This  is  to  be  ex¬ 
pected,  however,  considering  the  life  span  of  man  and  of  the  guinea  pig. 


A  guinea  pig’s  life  is  about  3  years;  that  of  a  man,  about  60  to  70  years. 
This  gives  a  ratio  of  about  1:20.  The  ratio  of  the  times  taken  to  develop 
scurvy  is  only  about  1‘.  13,  so  that  one  would  actually  expect  man  to  take 
longer  to  develop  scurvy  than  he,  in  fact,  does. 

b.  Bones.  The  same  general  pathological  changes  that  appear  in  human 
scurvy  can  be  observed  in  guinea-pig  scurvy  (Holst  and  Frohlich,^^^  Mc- 
CarrisoiT26).  There  are  hemorrhages  into  the  joints,  separation  of  epiphyses, 
brittleness  of  bone,  intra-abdominal  hemorrhages,  enlargement  of  the  ad¬ 
renals,  etc.  Histologically  the  bone  marrow  is  seen  to  become  Geriistmark 
in  nature,  the  bony  trabeculae  in  the  spongy  part  of  the  bone  are  decreased, 
and  there  is  a  thinning  of  the  bony  cortex.  Cells  in  the  rib  cartilage  are 
disordered,  and  the  line  of  junction  with  the  rib  is  irregular  (Schoedel  and 
Xanwerk227  and  Hojer’-^s).  pirani  et  said  that  the  pathological  changes 
in  the  knee  joints  of  guinea  pigs  on  a  scorbutic  diet  were  due  to  hemor¬ 
rhages,  active  proliferation,  and  failure  to  mature  of  mesenciyma  ce  s 
and  an  insufficient  production  of  ground  substance  and  collagen  (see  Figs. 
56-59)  Follis23o  states  that  in  scorbutic  cartilage  and  bone  the  distri  wi  ion 
of  cytochrome  oxidase  and  phosphatase  activity,  and  of  glycogen  muco¬ 
polysaccharides,  nucleoproteins,  and  lipids,  suggested  that  the  vitamin  is 
intimately  related  to  phosphatase  activity  and  to  the  °  ^ 

polysaccharides  in  the  Gerustmark  and  of  ribonucleic  acid  in  the  o^b  . 

c  Teeth.  One  of  the  characteristic  changes  in  guinea  pigs  is  m  the  teetffi 
The  incisor  teeth  of  rodents  have  persistently  growing 
creatures  are  constantly  gnawing  at  hard  matter,  the  f 

are  being  steadily  worn  away.  This  is  by  jlc^on  and 

pulp  which  persists  throughout  life.  It  has  been  sno  y  ^.nrbutic 
Moore^'  and  by  Fish  and  Harris'^  that  guinea  pigs  placed  on  a  scoibii 

...  R.  McCarrison,  Studies  in  Defiolency  Diseases,  Oxford  University  Press,  1021. 

227  j  Schoedel  and  W.  Nanwerk,  quoted  by  Hess,  re  . 

:  i'.  t.  P‘S  a  d  r/utKtrq’dre.  40,  710  (1050). 

230  R.  H.  Follis,  Bull.  Johns  Hopkins  Hosp.  89.  9  ^95)- 

...  L.  Jaekson  and  J.  J.  Moore,  J.  I.  ecHous  D.sea^s  19  4  8  (1016). 

...  E.  W.  Fish  and  h.  J.  Harris,  ml.  Trans.  B  223  ,  489  (1984). 
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I  diet  suffered  from  characteristic  changes  in  the  incisor  teeth  because  of  the 

*  failure  of  normal  dentine  and  enamel  formation.  There  was  also  fibroid 
I  degeneration  of,  and  hemorrhage  into,  the  pulp.  The  odontoblasts  became 
I  almost  unrecognizable.  This  degeneration  began  near  the  base  of  the  pulp 
I  and  worked  up  towards  the  apex.  In  some  cases  there  were  amorphous 
(i  deposits  of  calcium  in  the  pulp.  The  results  obtained  from  the  authors 
L  quoted  and  from  a  number  of  other  authors  established  the  essential  nature 

of  vitamin  C  for  the  development  of  the  incisor  teeth  in  guinea  pigs,  and 
I  that,  in  particular,  it  is  essential  for  the  production  of  predentine  which 
.  can  be  regarded  as  the  equivalent  in  the  tooth  of  the  osteoid  or  fibrous 
r  ground  substance  of  bone.  Boyle,  Bessey,  and  Howe,^®^  however  , claimed 
that  vitamin  C  is  not  essential  for  the  calcification  of  teeth.  Later  workers 
f  on  the  effect  of  experimental  scurvy  on  bones  have  come  to  the  conclusion 
that  vitamin  C  is  essential  for  the  deposition  of  the  osteoid  ground  sub- 
i  stance  of  bone  (Wolbach  and  Howe,®  IMacLean  et  and  Bourne^®^). 

;  They  also  showed  that,  in  the  absence  of  vitamin  C,  osteoblasts  dedifferen- 
I  tiated  into  fibroblasts.  The  workers  on  tooth  changes  in  scurvy  have  also 

*  shown  that  there  is  a  dedifferentiation  of  the  odontoblast  and  that  resorp- 
:  tion  of  the  bone  of  the  jaws  of  the  guinea  pig  also  takes  place. 


d.  Cartilage.  It  is  doubtful  that  vitamin  C  is  necessary  for  the  main- 
I  tenance  and  growth  of  cartilage.  Park  ei  found  that  even  when  the 
I  bone  ceased  to  produce  osteoid  material  in  scurvy  the  cartilage  of  the 
epiphysis  continued  to  grow.  On  the  other  hand,  Wolbach^i  quoted  un- 
I  published  work  by  himself  and  Boyle  in  which  they  found  that  there  was 
a  loss  of  firmness  m  cartilage  matrix  in  guinea  pigs  fed  on  small  amounts 
of  vitamin  C  for  long  periods  of  time.  H6jer228  in  1924  had  previously  found 
-  what  he  described  as  “collagen  atrophy”  of  cartilaire  in  scurvv  bill.  Lori 


ol.  Med.Sci.  13,239  (1935). 
sci.  biol.  {Italy)  35,  286  (1951). 
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amorphous  deposits  of  calcium.  There  were  numerous  intramuscular  hem¬ 
orrhages.  Heart  muscle  is  also  affected  in  scurvy  (see  Lewin,^^®  1871,  and 
Haymen,®^®  1871,  who  found  fatty  degeneration  of  the  heart  muscle  common 
in  human  scurvy;  Koch,®^^  1889,  who  found  calcium  deposits  in  the  heart 
muscle  of  scorbutic  monkeys).  Boyle  and  Irving®^®  observed  some  hyaline 
changes  in  muscles  (skeletal)  in  chronic  scurvy;  in  acute  scurvy  there  were 
areas  where  muscle  fibrils  and  sarcoplasm  were  seen  to  end  suddenly,  leav¬ 
ing  intact  and  empty  sarcolemmal  sheaths,  with  the  endomysial  fibers 
lying  between  them.  They  concluded  that  ascorbic  acid  is  probably  essen¬ 
tial  for  the  maintenance  of  the  attachment  of  myofibrils  to  the  sarcolemma 
(see  Figs.  52  and  53;  also  see  Fig.  51). 

f.  Liver.  The  liver  is  also  affected  in  scurvy.  Carl  von  Linne,®'*^  as  long 


ago  as  1742,  found  changes  in  the  liver  in  human  cases.  Hojer  pointed  out 
that  the  liver  in  experimental  scurvy  shows  hemorrhage  and  atrophy  of 
both  cells  and  parenchyma.  Animals  dying  of  the  disease  also  showed  hem¬ 
orrhage  and  siderosis  in  the  spleen,  and  atrophy,  necrosis,  and  calcification 
in  the  kidney  (Hojer^®^). 

g.  Blood.  Hojer  also  found  a  deficient  regeneration  of  neutrophilic  poly¬ 
morph  cells.  Salle  and  Rosenberg®^'  in  1921  had  previously  claimed  a  defi¬ 
cient  production  of  both  red  and  white  cells  in  scurvy.  Brandt®'*®  had  noted 
a  prolonged  coagulation  time  of  the  blood  in  scorbutic  animals. 

h.  Connective  Tissues  and  Capillaries.  The  most  important  discovery 
made  by  Hojer  was  that,  in  scurvy,  there  was  a  widespread  deficiency  of 
collagen  in  the  connective  tissues  throughout  the  body.  He  also  showed 
that  in  experimental  guinea  pig  tuberculosis  there  was  deficient  scar  pro¬ 
duction  by  the  lung  tissues  because  they  appeared  to  be  unable  to  produce 

the  normal  amount  of  collagen.  , 

One  general  tact  that  emerges  from  a  consideration  of  the  various  result 

quoted  is  that  hemorrhage  is  constantly  found  in  the  various  o-'K™®  “ 

Lues  throughout  the  body  and  that  scurvy  has  in  tact  been  regarded  as 

typically  a  hemorrhagic  disease.  This  suggests  that  f 

blood  vessels  is  present  in  scurvy.  There  is  support  tor  his  “ 

the  literature.  Jackson  and  Moore-  stated  that  there  /""r  "eS 

of  the  wall”  (of  the  blood  vessels)  and  that  in  some  of  the 

“the  wall  as  a  whole  had  partially  melted  away,  leaving  fei 


239  Lewin,  Gaz.  med.  p.  430  (1871). 

M.  G.  Haymen,  Gaz.  med.  p.  126  (1871).  .  .  i-  tt'hWp  1889 

..1  W  Koch,  Die  kutkrankenheit  in  irhen  Variant,.!  Fenhnand  Euke,  188J. 

342  p.  E.  Boyle  and  J.  T.  Irving,  Science  114,  572  (1951).  Uj^^ala 

243  c.  von  Linn4.  Collegium  dieteticum,  1742.  See  UmversUetB  Arssknft,  Up 

244  V.’salle^and  W.  Rosenberg,  Ergeb.  inn.  Med.  u.  Kinder hetlk  19,  31  (1921). 

245  H.  Brandt,  Deut.  med.  Wochschr.  45,  640  B919). 
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Figs.  54  and  55).  Hojer  also  claimed  that  there  was  a  weakness  in  the  vas¬ 
cular  walls  in  scurvy.  It  has  been  suggested  that  the  increased  fragility  of 
the  capillary  blood  vessels  (note  that  petechial  hemorrhages  were  said  to 
be  characteristic  of  scurvy  by  the  original  describers  of  the  complaint)  is 
due  to  a  defect  in  the  intercellular  cement  substance  which  binds  the  endo¬ 
thelial  cells  of  the  capillaries  together.  Bicknell  and  Prescott®^  stated  that 
“actually  the  minute  structure  of  the  capillary  wall  is  colloidal  and  might 
well  respond  to  vitamin  C  as  does  collagen.”  Other  workers  have  not  found 
any  observable  difference  in  the  permeability  of  the  capillary  walls  to  diffu¬ 
sible  substances  in  scurvy.  On  the  other  hand,  Findlay^^  claimed  to  have 
observed  the  diapedesis  of  red  cells  between  the  endothelial  cells  of  the 
capillaries  in  scorbutic  guinea  pigs.  It  is  of  interest  that  Hess^i^  in  1920 
had  previously  pointed  out  that  the  presence  of  isolated  small  groups  of 
extravascular  red  blood  cells  in  various  tissues  suggested  a  diapedesis 
through  the  blood  vessel  walls. 

Lantech  and  Gagn^^^’'  have  found  deposits  of  amyloid  in  the  spleens  of 
vitamin  C-deficient  guinea  pigs,  but  there  was  no  sign  of  amyloid  in  other 
organs. 


4.  Effect  of  Scurvy  on  Repair  of  Tissues 
a.  Older  Clinical  Evidence.  Since  the  evidence  so  far  produced  shows 


V  piuuucea  snow! 

that  in  scurvy  the  normal  functioning  of  both  soft  and  hard  tissues  is  dis 

turbed  one  would  expect  that  repair  of  injury  to  any  tissue  would  be 
delapd  also,  ihis  fact  can  be  confirmed  by  reference  to  the  older  literature. 

Ihe  earliest  Imown  record  of  the  effects  of  scurvy  on  wounds  is  given 
by  Rrchard  Walter^o  (1748),  Chaplain  to  Lord  Anson’s  expedition  round 
the  world  (1740-1744).  He  made  the  following  comment  on  this  subject. 


At  other  times  the  whole  body,  but  more  especially  tlie  legs,  were  sul.iect  to 
ulcers  of  the  worst  kind,  attended  with  rotten  bones  and  such  .  Invn  r 

fungous  flesh,  ^  yielded  no  remedy.  But  a  most  e:;;:!^r<h.lr; 
and  what  would  be  scarcely  credible  upon  any  single  evidence  is  that  I  e  s 
of  wounds  which  had  for  many  years  healed,  were  Forced  ^00  ill  hv  . 

the  CeaS^wtollld  teen 

Boyne;  for  though  he  wt'rr^oi  ate,  and  IT  1“'"  1 

number  of  years  past,  yet  on  his  being  attacked  by  tteTuT  'his  w 

the  progress  of  his  disease  hmL-o  raii+ of  i  i  ^  scuiv},,  his  wounds,  in 

healed;  Nay  what  is  st.ll  mom  LtonLitr^^^^  "T' 

been  completely  formed  for  a  long  time  was  fold  n  te  1  F  T’ ' 

the  fracture  seemed  as  if  it  has  never  been  consolidaLh  'l‘'«o'ved,  and 


Lind..  (1753,  p.  151)  made  the  followi.rg  observation:  “When  one  has 


E.  Lantech  and  F  l  •  7  . 
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been  confined  from  exercise  by  having  a  fractured  bone,  or  from  a  bruise 
or  hurt,  these  weak  and  debilitated  parts  become  always  first  scorbutic.” 
Mr,  Ives,  writing  to  Lind^^^  (p.  151)  of  the  breaking  open  of  wounds  in 
scurvy,  referred  to  the  case  of  a  seaman  on  H.M.S. Dragon  who  had  a 
shattering  of  the  humerus  from  a  Spanish  musket  ball.  Union  of  the  bone 
and  healing  of  the  skin  wounds  had  been  brought  about  by  November, 
but  when  scurvy  broke  out  on  the  ship  in  December,  he  fell  a  victim  to 
the  disease,  the  first  symptom  being  the  breaking  open  of  the  wounds  in 
his  arm.  Lind  also  records  that  the  “slightest  bruises  and  wounds  of  scor¬ 
butic  persons  degenerate  in  such  ulcers  .  .  .  distinguished  from  all  others 
by  being  so  remarkably  putrid,  bloody  and  fungous.” 

Mead2'‘®  quoted  the  case  of  a  sailor  who  had  suffered  from  a  fractured 
clavicle  which  had  apparently  healed  normally  and  which  broke  again  4 
months  later  when  the  sailor  was  suffering  from  scurvy.  Six  months  after 
this,  after  the  sailor  had  been  on  a  diet  of  green  vegetables  for  some  time, 
the  fracture  reunited. 

Marriques,25o  Bell,^^!  and  CalliseiU^^  all  found  softening  of  the  callus  of 
old  fractures  on  bones  in  scurvy,  sometimes  with  a  separation  of  the  ends 
of  the  bones.  Hammick^^^  reported  a  number  of  cases  of  spontaneous  re¬ 
fracture  of  bones  and  pointed  out  that  it  was  impossible  to  secure  the  uniting 
of  a  fracture  as  long  as  the  patient  had  scurvy.  A  further  example  of  refrac¬ 
ture  of  a  healed  broken  bone  is  given  by  Budd,^^^ 

Dr.  Linton^is  described  the  case  of  a  grenadier,  aged  23,  serving  m  the 
Crimean  War,  with  a  broken  humerus.  This  man  broke  his  arm  while 
carrying  a  log  of  wood  across  some  frozen  snow.  After  he  had  been  put  in 
the  hospital,  old  ulcers  on  his  leg  opened  up  and  his  gums  became  spongy. 
The  callus  which  formed  at  the  site  of  the  fracture  in  the  humerus  was 
unusually  small,  suggesting  a  reduced  inflammatory  reaction  to  injury 
Only  whL  he  was  put  on  a  “good”  diet  did  his  fracture  unite  and  his  ulceis 

^^Moore^^^  has  recorded  two  cases  of  fractures  of  the  forearm  in  which 
healing  was  prevented  because  the  patients  had  scurvy.  Moore  stated  that 
thTs  dfsease  has  a  “powerful  etfect  in  retarding  the  consoUdatton  of  frac- 

^^Major  Charles  Smart=‘'  pointed  out  that,  as  a  result  of  the  scurvy  nhich 

2>9  R  Mead,  Medical  Works,  S.  Crowder,  London,  1762. 

290  A.  Marriciues  (1783),  quoted  by  Hertz  ref.  86 

291  J  Bell,  A  System  of  Surgery,  S.  Crowder,  London, 

299  H.  Callisen  (1798),  quoted  by  Hertz,  ref.  86.  p^.^ctures  and  Strictures 

293  S.  L.  Hammick,  Practical  Remarks  on  Computations,  Iractures 

of  the  Urethra,  London,  1830. 

294  A.  Budd  (1840),  quoted  by  Hertz,  ref.  86. 

299  w.  G.  Moore,  Bril.  Med.  J .  1,  443  (1859). 
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broke  out  among  the  combatant  armies  of  the  American  Civil  War,  wounds 
failed  to  heal,  and  slight  abrasions,  such  as  the  rubbing  of  a  shoe,  a  bruise, 
the  scratch  of  a  mosquito  bite,  the  prick  of  a  splinter,  or  vaccination  scars 
tended  not  only  not  to  heal  but  to  turn  into  scorbutic  ulcers. 

Eve^^®  stated  that  in  the  Confederate  Armies  during  the  Civil  War  the 
occurrence  of  scurvy  “complicated  wounds  and  seriously  interfered  with 
surgical  operations.”  Surgical  hemorrhage  was  much  more  frequent  as  the 
war  progressed. 

Even  during  World  War  I,  Lobmayer^®^  claimed  that  the  Turkish  sol¬ 
diers  suffered  severely  from  scurvy  and  that  in  those  who  developed  the 
[disease  both  skin  and  flesh  wounds  and  fractures  healed  poorly.  In  many 
cases  the  fractures  showed  not  the  slightest  sign  of  the  formation  of  a  cal¬ 
lus,  even  after  several  months.  In  confirmation  of  the  fact  that  it  was  lack 
of  the  antiscorbutic  substance  which  was  directly  responsible  for  this  failure 
of  fractures  to  unite,  he  quoted  two  cases  who  suffered  from  pseudoarthrosis 
of  the  humerus  and  who  recovered  rapidly  and  completely  as  soon  as  they 
were  put  on  a  diet  which  was  rich  in  antiscorbutic  material. 

Since  these  original  clinical  observations,  various  authors  have  called  at¬ 
tention  to  their  significance  in  the  treatment  of  fractures,  notably  Bier^^s.  259 
and  Kappis.260  These  observations  therefore  suggest  that  not  only  is  the 
normal  functioning  of  hard  and  soft  tissues  interfered  with  in  scurvy  but 
the  regenerative  powers  of  these  tissues  is  also  reduced. 

b.  Experimental  Evidence.  For  further  confirmation  of  these  facts  one 
must  turn  again  to  experimental  results.  The  experimental  work  which  has 
been  carried  out  on  the  subject  of  the  effect  of  vitamin  C  on  the  regenera¬ 
tion  of  tissues  has  been  divided  into  two  main  groups,  one  dealing  with 
animals  and  the  other  with  human  beings.  The  latter  group  is  restricted 
to  experiments  and  observations  on  the  regeneration  of  superficial  wounds 
(1)  Refracture  Experiments.  It  might  be  of  interest  at  this  point  to  men- 
lon  various  refracture  experiments  which  have  been  carried  out  in  order 
to  test  the  oft-repeated  clinical  observations  that  an  old  fracture  softens 
and  breaks  again  when  a  person  develops  scurvy.  The  first  of  these  experi¬ 
ments  were  carried  out  by  Israel  and  FrankeBci  and  by  Israel,262  who  con- 

‘'“‘PPe"-  Hertz,"  however 
believed  that  their  experiments  were  not  critically  carried  out  and  that 


W.  Eve,  in  Medical  and  Surgical  History  of  the  War  of  thp  RoKnir 
ment  Printing  Office,  Washington,  1866  Rebellion,  Govern- 

Z.  Chir.  18,  208  (1918). 

A.  Bier,  Arch.  klin.  Chir.  127,  1  (1923). 

Ill  w  (1925). 

261  A  ■  Wochschr.  53,  1734  (1927) 

A.  Israe  and  R.  Frankel,  Klin.  Wochschr.  6,  94  (1926). 

A.  Israel,  Arch.  klin.  Chir.  142,  145  (1926) 
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what  really  occurred  was  a  new  fracture,  resulting  from  the  fragility  of  the 
bones  which  ordinarily  accompanies  scurvy. 

One  cannot  assume,  however,  that  these  latter  experiments  necessarily 
invalidate  completely  the  older  clinical  observations.  The  diets  on  which 
these  men  were  placed  in  order  to  secure  union  of  the  fractures  and  the 
diets  they  received  subsequently,  and  until  they  developed  scurvy,  were 
almost  certainly  very  low  in  vitamin  C,  and  it  seems  likely  that  an  imper¬ 
fect  union  of  the  bones  occurred  in  the  first  place.  In  many  cases  the  re¬ 
fracture  took  place  only  a  few  months  after  the  original  fracture,  and  it  is 
probable  that  these  people  had  been  on  an  almost  scorbutic  diet  all  the 
time  and  that  the  fracture  had  never  healed  properly.  On  the  other  hand, 
Walter’s  (1748)  observation  of  the  softening  of  a  50-year-old  healed  fracture 
must  be  regarded  with  considerable  suspicion.  It  was  almost  certainly  a 
new  fracture,  and  it  seems  hardly  likely  that  the  person  afflicted  could  re¬ 
member  the  exact  site  of  his  injury  after  such  a  passage  of  time.  Murray 
and  Kodicek^®*  have  obtained  no  evidence  that  healed  fractures  undergo 

refracture  in  scurvy. 

Some  of  the  animal  experiments  on  the  effect  of  scurvy  on  regeneration 
of  tissues  were  carried  out  on  skin  wounds  and  some  on  fractured  or  injured 
bones.  Both  series  of  experiments  are  included  because,  as  will  be  seen  later 
there  are  some  similar  processes  involved  in  the  healing  of  both  types  o 

tilSSUG* 

(2)  Skin  Wounds.  It  seems  well  established  that  there  is  a  delay  m  the 
healing  of  skin  wounds  in  vitamin  C  deficiency.  The  first  experiment  on 
this  subject  was  carried  out  by  Ishido«*  in  1923.  Although  he  found  con¬ 
siderable  delay  in  the  healing  of  wounds,  he  found  also  that,  even  if  the 
animal  remained  scorbutic,  eventually  the  wounds  would  heal.  Further 

discussion  of  this  question  appears  later.  _ 

Saitta«‘  also  found  delayed  healing  of  wounds  in  scorbutic  guinea  pigs 
and  claimed  that  vitamin  C  applied  externally  to  the  wounds  would  acceler^ 
ate  healing  Lauber^®®  found  that  direct  application  of  vitamin  O  to  b 
winds  iifmlce  did  the  same.  Against  these  results  he  fouiid  that  in^c  -s 
of  vitamin  C  into  normal  guinea  pigs  had  no  effect  on  the  spec 
wounds  heal.  This  is  not  surprising  because  the  guinea  pigs  uer 
receiving  their  optimum  dose  of  vitamin  C.  and  it  has  been  shown  by 
Uounie«  that  in  animals  which  are  already  receiving  the  optimum  amou 
If  vitamin  C  there  is  no  increase  in  the  amount  of  ^nerat^^^^^^^^^^ 
additional  vitamin  C  is  given.  Likewise  it  has  been  f  y 

263  p  D.  F.  Murray  and  E.  Kodicek,  J.  Anat.  ^949)- 

264  B.  Ishido,  Arch.  path.  Anat.  Physiol.  {Virchow  s)  240,  241  (1923). 

266  s.  Saitta,  Scr.  biol.  Castaldi,  4,  301  (1929). 

266  H.  J.  Lauber,  Beitr.  klin.  Chir  {Bruns  )  ^93  ^33b 

267  G.  11.  Bourne,  Quart.  J.  Exptl.  Physiol.  31,  319  (1942). 

*68  M.  Proto,  Ann.  ital.  chir.  16,  57  (1936). 
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the  injection  or  local  application  of  vitamin  C  to  skin  wounds  in  pigeons 
does  not  affect  the  rate  of  wound  healing  (presumably  because  pigeons 
synthesize  their  own  vitamin  C).  Mice  also  appear  to  be  able  to  do  the 
same,  and  therefore  it  is  surprising  that  Lauber^®®  detected  any  result  from 
the  treatment  of  wounds  in  these  animals  with  the  vitamin.  Rabbits  con¬ 
stitute  another  group  of  animals  which  seem  to  be  able  to  synthesize  their 
own  vitamin  C,  and  therefore  one  could  anticipate  that  Mann  and  Pul- 
linger2®9  would  be  unable  to  find  that  local  application  of  vitamin  C  had 
any  stimulating  effect  on  the  regeneration  of  a  cornea  which  had  previously 
been  burnt  with  mustard  gas. 

Lanman  and  Ingalls^^®  carried  out  direct  measurements  of  the  force  re¬ 
quired  to  break  abdominal  wounds  in  normal  and  scorbutic  animals.  Their 
measurements  were  made  by  distending  the  abdomen  with  air  and  noting 
the  pressure  on  a  mercury  manometer  at  which  the  wound  burst.  Similar 
observations  were  made  on  wounds  in  the  stomach  wall.  The  pressures  in 
millimeters  at  which  rupturing  took  place  are  shown  below: 


.  2  mg.  0.5  mg. 

vitamin  C  vitamin  C 

Abdominal  wounds  160  65 

Gastric  wounds  70  30 


Taffel  and  Harvey confirmed  these  results.  Lauber  and  Rosenfeld^^^ 
showed  that  if  animals  on  low  vitamin  C  diet  are  wounded  the  organs  lose 
most  of  their  vitamin  C,  presumably  because  of  the  increased  demand  for, 
and  therefore  the  mobilization  of,  the  vitamin  for  the  healing  process! 
Ihese  authors  used  the  acid  silver  nitrate  method  for  demonstrating  vita¬ 
min  C  in  tissues  (for  discussions  of  the  specficity  of  this  reagent,  see  Le- 
blond,273  Bourne,27^  Giroud,^^^  and  Barnett  and  Bourne^^e).  Lauber  and 
Rosenfeld^^^  found  that  in  scorbutic  animals  the  vitamin  C  content  of 
organs  and  wounds,  as  shown  by  the  AgNOa  method,  was  practically  nil. 

Ihe  same  tissues  m  guinea  pigs  which  had  been  given  100  mg.  of  ascorbic 
acid  daily  stained  strongly. 

Ihe  results  of  Bartlett  et  derived  from  quantitative  measurements 


T  ^1“','"  P-  •''‘""‘ger,  Brit.  J.  Ophthalmol.  24  ,  444  (1940) 

m  *<>'■  Med.  38,  518  (1938) 

m  o  P  T  w"'  ?  t  ^'ochschr.  17,  1587  (1938). 

a  P.  Leblond,  La  v.tam.ne  C  clans  I’organisme,  Thesis,  University  of  Paris, 

m  ?  r?'  66,  370  (1936). 

P-toplasma  Mono- 

-  M.  K.  B^rtlelrC  M  "loneTand  A  e"r  T 

.  Jones,  and  A.  E.  Ryan,  New  Engl.  J.  Med.  226,  469  (1942) 


88 


GEOFFREY  H.  BOURNE 


of  the  vitamin  C  content  of  wounds,  gave  some  support  to  the  preceding 
work.  They  also  found  that  the  strength  of  a  scar  is  proportional  to  its 
vitamin  C  content.  For  example,  the  scars  of  animals  receiving  33  mg.  of 
vitamin  C  twice  daily  contained  on  an  average  7.64  mg.  of  vitamin  C  per 
100  g.  of  tissue  and  burst  at  a  pressure  of  258  mm.  of  mercury.  In  guinea 
pigs  on  a  scorbutic  diet  the  vitamin  C  content  of  scars  averaged  0.31  mg. 
per  100  g.  and  the  wounds  burst  at  127  mm.  of  mercury.  Hunt^'^®  and 
Hartzell  and  Stone’^*  also  found  that  vitamin  C  deficiency  lowered  the 
tensile  strength  of  skin  wounds. 

Experiments  on  human  patients^®"  showed  that  those  with  low  plasma  vi¬ 
tamin  C  (below  0.20  mg.  per  100  cc.)  had  wounds  with  low  tensile  strength. 
It  was  also  shown  that  when  such  patients  were  given  large  amounts  of 
vitamin  C  the  healing  of  fascial  scars  was  much  faster  than  the  healing  of 
skin  scars.  Wolfer  and  HoebeF®®  had  previously  shown  that  patients  with 
low  values  for  plasma  vitamin  C  showed  the  slowest  healing  of  surgical 
wounds.  For  further  supporting  clinical  observations,  see  Archer  and 
Graham,28i  Hunt,^^*  and  Crandon  et 

Crandon,  Lund,  and  Dill  studied  wound-healing  in  an  experimental 
human  subject.  After  the  subject  had  been  on  a  vitamin  C-deficient  diet 
for  3  months  and  the  plasma  vitamin  C  had  been  nil  for  44  days,  a  wound 
made  in  the  back  showed  good  healing  within  10  days.  There  appeared 
to  be  abundant  intercellular  substance  and  capillary  formation.  After 
about  6  months,  however,  a  similar  wound  made  in  the  back  showed  no 
sign  of  healing.  Bourne^s®  tested  the  tensile  strength  of  skin  wounds  of 
guinea  pigs  on  graded  doses  of  vitamin  C  and  found  the  following  results. 


No  vitamin  C 
0.25  mg.  vitamin  C 
0.50  mg.  vitamin  C 
1 .00  mg.  vitamin  C 
2.00  mg.  vitamin  C 
4.00  mg.  vitamin  C 


25.3  ±  7.40  g. 

79.3  ±  10.40  g. 
118.5  ±  18.00  g. 

137.7  ±  13.90  g. 

338.7  ±  26.80  g. 
296.9  ±  18  50  g. 


Comparison  of  blood  plasma  vitamin  C  with  tensile  strength  of  wounds 
in  some  of  these  animals  showed  a  progressive  decrease  of  tensile  strength 

as  the  plasma  level  fell.  j  i  ^ 

Animals  which  had  wounds  of  low  tensile  strength  not  on  y  s  owe  es 

fibrous  tissue  in  the  scar  but  a  greater  proportion  of  that  present  was  im¬ 
mature  precollagen  (reticulin)  (see  Figs.  45-50). 


A.  Hunt,  finh  J.  Surj/.  28,  436  (1941).  i 

J  B.  Hartzell  and  W.  E.  Stone,  Surg.  Gynecol.  Obstet.  76,  1 

280  j.  A.  Wolfer  and  F.  C.  Hoebel,  Surg.  Gynecol.  Obstet.  69,  745  (194U;. 
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Campbell  et  al.^^  and  Campbell  and  Ferguson^*^  found  that  in  a  scorbutic 
animal  healing  of  a  cautery  injury  to  the  cornea  was  due  to  a  delay  of 
epithelialization  because  a  suitable  fibrous  substrate  did  not  form.  Gallo¬ 
way  et  found  that  a  scorbutic  condition  delayed  the  healing  of  skin 
wounds  but  not  those  of  the  gum  or  cornea.  They  stated  that  regeneration 
of  an  epithelium  can  take  place  normally  in  scorbutic  animals  but  that 
where  the  healing  needs  new  collagenous  tissue  as  in  skin^  epithelialization 
will  be  retarded.  Bunting  and  White^®^  found  in  skin  wounds  of  scorbutic 
guinea  pigs  that  connective  tissue  cells  failed  to  mature,  that  alkaline 
phosphatase  Avas  often  absent  from  scorbutic  wounds,  but  that  more  muco¬ 
polysaccharides  were  present.  Bradfield  and  Kodicek^ss  found,  however, 
that  the  mucopolysaccharides  and  also  the  precollagen  formed  in  scurvy 
were  abnormal  in  nature. 


It  seems  fairly  well  established  from  the  literature  quoted  that  vitamin 
C  IS  essential  for  the  healing  of  skin  wounds.  It  can  be  shown  that  it  is 
likewise  essential  for  the  healing  of  bone. 

(3)  Bone  Injuries.  The  earliest  experimental  observation  on  the  impor¬ 
tance  of  vitamin  C  in  the  healing  of  bone  was  that  of  Shinya^^a  in  1922.  He 
concluded  that  bones  from  scorbutic  guinea  pigs  cannot  be  transplanted 
into  normal  animals.  He  attempted  also  to  transplant  sound  bones  into 
scorbutm  animals,  but  his  animals  died  of  scurvy  before  results  could  be 


Ferraris  and  Lewi«"  found  that  in  scorbutic  animals  there  was  not  only 
to  h  ^  'h-u-r  after  a  fracture  but  that  there  appeared 

riHSSr-lf-”- 

and  found  that  the  injured  boM  of The^k^p*  “  complete  diet 

bone  just  as  effectivelv  as  in  •  i  ^PPa^ently  regenerated  new 

diet.  Watanabe  also  found  th^  *  ‘'oceiving  large  amounts  of  a  normal 
in  vitamins  A,  B,  and  C  were  slow  were  placed  on  a  diet  deficient 

■-  F  w  o  a  .7  regenerating  bone.  One  can  hardly 

F.  w:  clmpbell'an? iT'^Ferg^  BrS'  (W50). 

••  N .  M.  Galloway,  R.  c.  Garry  and  A  D  irt  s  "  n 
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claim  under  the  conditions  of  this  experiment,  however,  that  it  shows  a 
necessity  for  vitamin  C  in  healing  of  fractures  in  the  rat,  because  there  v  as 
a  simultaneous  deficiency  of  two  other  vitamins,  of  which  vitamin  A  is 
known  definitely  to  affect  bone  growth.  In  any  case  rats  cannot  be  given 
scurvy  because  they  synthesize  their  own  vitamin  C.  Similar  results  were 

obtained  by  Schilozew^^^  and  by  Roegholt.^^* 

Wolbach  and  Howe®  investigated  the  effect  of  vitamin  C  deficiency  on 
the  regeneration  of  bones  in  small  saw  cuts  made  in  the  femora  of  guinea 
pigs.  In  the  scorbutic  animals  there  was  complete  lack  of  formation  of 
osteoid  trabeculae,  and  although  there  was  some  fibrous  organization  of 
the  clot  resulting  from  the  injury  there  was  no  penetration  into  it  of  cap¬ 
illary  blood  vessels.  ... 

Bier*”  described  what  he  claimed  to  be  the  effect  of  increasing  the  vi 

mill  C  content  of  the  diet  of  patients  suffering  from  non-union  of  fractures^ 
One  patient,  who  had  had  a  fractured  humerus  for  10  weeks  which  had 
shown  no  signs  of  healing,  was  given  raw  carrots  (rich  in  carotene  but 
containing  extremely  little  vitamin  C)  and  lemons  (rich  in  vitamin  C) 
every  day.  Within  another  10  weeks  he  was  cured,  .knother  patient,  nho 
showed  no  sign  of  callus  formation  after  an  osteotomy,  obtained  complete 
regeneration  of  the  missing  bone  within  6  weeks  after  “n  the  abovo 

diet.  In  a  third  patient  consolidation  after  osteotomy  nhich  had  "ot  “ 
curred  after  6}^  months  was  secured  after  4  weeks  by  giving  ^  ' 
vlmin  C  This  improvement  might  be  due  to  the  joint  action  of  vitamins 
r  anTc  but  certainly  is  not  necessarily  to  be  attributed  to  vitamin  C  alone. 

Is 

found  that  on  a  vitamin  C-free  diet  both  rabbits  and 

guinea  pigs  showed  retardation  of  ®as  usually 

tardation  was  severe  and  often  ;SrThfs  is  a  rather 

carried  to  completion  but  it  enough  vitamin  C 

surprising  result,  since  rabbits  are  le  'O™  Lauber  and  his  co-workers*’* 
for  their  normal  requirements.  Lau  ler  satisfied,  extra 

stated  that,  once  the  normal  requirements  of  a  rabbit 
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...  M.  M.  Roegholt,  Arch.  Win.  Ch,r.  IM,  *  3,, 
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vitamin  C  had  no  further  effect  on  the  rate  of  regeneration  of  injured  bones. 
It  is  difficult  to  appreciate  that  a  rabbit  has  a  normal  requirement  for 
vitamin  C  if  it  synthesizes  the  vitamin,  but  Giangrasso^^^  ■  ^oo  and  Gian- 
grasso  and  Gangitano^^^  were  also  able  to  secure  more  rapid  regeneration 
of  fractured  bones  in  rabbits  by  giving  vitamin  C.  The  apparent  explanation 
of  these  facts  may  be  that  the  healing  of  a  fractured  bone  calls  for  more 
vitamin  C  than  the  animal  is  able  to  manufacture  itself.  It  has  been  shown 
by  Boiirne^®^  that  vitamin  C  does  not  have  any  effect  on  the  regeneration 
of  bony  tissue  in  1-mm.  holes  bored  in  the  femora  of  rats  (which  also  syn¬ 
thesize  their  vitamin  C),  but  there  does  not  appear  to  be  any  information 
as  to  whether  a  rat  can  synthesize  enough  vitamin  C  to  meet  all  its  needs 
during  repair  of  a  more  serious  injury  such  as  a  fracture. 

Hertz*®  has  investigated  in  great  detail  the  effect  of  vitamin  C  deficiency 
ion  the  regeneration  of  bone  in  the  fractured  fibula  of  a  guinea  pig.  He 
found  delayed  absorption  of  the  fracture  hematoma,  deficient  production 
of  osteoid  trabeculae,  and  increased  necrosis  of  the  broken  ends.  Hertz  also 
[attempted  to  repeat  Israel  and  Frankel’s  refracture  experiments,  but  with 
no  success.  Lexer*®*  obtained  similar  results,  but  he  stressed  the  deficiency 
of  blood  supply  as  a  cause  of  the  failure  of  scorbutic  tissues  to  heal. 


Bourne*®^  in  1948  also  studied  the  relationship  of  vitamin  C  deficiency  to 
certain  aspects  of  regeneration  of  injured  skull  and  leg  bones.  In  deficient 
animals  there  is  a  delay  in  healing,  and  it  was  found  that  the  migration  of 
polymoiphs  and  macrophages  into  the  injured  area  was  greatly  reduced. 
(See  Figs.  60-65).  Cottingham  and  Mills  also  showed  that  phagocytosis 
decreased  in  scorbutic  animals.  Murray  and  Kodicek  in  a  series  of  papers^®*. 
305^*®®  investigated  in  great  detail  the  effect  of  partial  vitamin  C 
deficiency  on  guinea-pig  tissue.  They  found  delay  in  formation  of  fracture 
calluses  m  bone,  failure  of  consolidation  of  callus  trabeculae  (when  they 
did  form)  into  compact  bone,  and  a  considerable  enlargement  of  the  callus 
SMening  of  the  knees,  which  could  be  bent  only  painfully  and  with  great 
culty  was  also  seen.  In  these  partially  deficient  animals  damaged 

rented  1  “  “"'e  animals  this 

resulted  m  the  disappearance  of  a  large  part  of  the  musculature  of  a  limb 

Such  muscle  loss  was  replaced  by  hyperplastic  connective  tissue  which  was 
completely  or  nearly  avascular 


300  r  soc.  tial.  biol.  sper.  14,  522  (1939). 

301  r  biol.  sper.  14,  525  (1939). 

302  P ■  w Boll.  soc.  Hal.  biol.  sper  14  531 

-G.H.  Bourne  J.  Physiol.  iLondon)  101,  327  (1942).  ^ 

304  n  u'  ^^ocbschr.  18,  208  (1939). 

306  P  82.  208  (1949). 

P  D  f'  Mn  and  E.  Kodicek,  J.  Anal.  83,  205  (1949) 

■  ■  ^^^^ay  and  E.  Kodicek,  J.  Anal.  83,  285  (1949). 
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They  also  found  that  guinea  pigs  completely  deprived  of  vitamin  C  showed 
classical  changes.  The  proximal  ends  of  the  tibial  diaphyses  were  destroyed 
by  repeated  microfractures,  and  as  a  result  the  epiphysis  came  to  -over¬ 
lap  (both  laterally  and  medially)  the  narrow  zone  of  the  tibial  shaft  which 
was  then  in  contact  with  it.  If  animals  in  which  such  changes  had  oc¬ 
curred  were  given  adequate  amounts  of  the  vitamin,  the  long  bones  be¬ 
came  restored  more  or  less  to  normal.  The  changes  produced  were  a  for¬ 
mation  of  a  subperiosteal  thickening  in  the  periosteal  cambium  between 
the  overhanging  epiphysis,  the  fibrous  layer  of  the  periosteum  and  the  old 
diaphyseal  wall,  the  formation  of  cartilage  (derived  from  periosteum) 
around  the  proximal  end  of  the  diaphysis,  and  its  replacement  by  endo¬ 
chondral  bone.  Trabecular  bone  was  also  found  to  form  in  the  cartilage 
(see  Figs.  66,  67,  and  68). 


5.  Estrogens  and  Bone  Growth  in  Scurvy 

Estrogenic  substances  are  known  to  affect  bone  growth  and  development. 
Silberberg  and  Silberberg=«"'  have  investigated  these  effects  on  the 

bones  of  scorbutic  guinea  pigs.  Estrogens  inhibit  the  growth  of  the  skeleton 
in  normal  animals,  and  this  inhibition  is  unaffected  by  the  scorbutic  con¬ 
dition  In  scorbutic  animals,  however,  the  calcification  and  hyalinization 
of  the  ground  substance  is  almost  completely  prevented.  The  bon.»  are  not 
as  fragile  as  in  scorbutic  animals  without  estrogen.  The  authors  believe  that 
this  is  due  to  the  fact  that  the  scorbutic  condition  prevent  the  conversion  o 
intercellular  matrix  into  bone.  Another  effect  of  estrogens,  ^e  ‘hickeii^ 
of  the  walls  of  the  blood  vessels,  could  not  be  induced  in  scorbutic  animals 
One  finding  of  particular  interest  was  that  estrogens  prolonged  “rvival 
of  scorbutic  gilnea  pigs  and  incidentally  reduced  the  -eri  ^  j 

butic  symptoms.  This  latter  effect  was  probably  due  to  the  inhib  t 
skeletal  growth  by  estrogen  treatment. 


6.  Vitamin  C  and  Collagen 

Wolbach  and  Bessey”  make  the  following  statement  about  the  relation¬ 
ship  of  vitamin  C  to  the  supporting  tissues. 

All  intercellular  substances  of  supporting  BTcXea 

nective  tissue  and  dentine  have  a  common  su  -s  me  not  necessarily 

we  wish  to  indicate  a  number  of  compounds  of  similar  ‘ho-igh  no  neces  y 

identical  composition,  which  react  similarly  to  ;  produced  in  de- 

tein  sub-structure  which  in  scurvy  is  either  not  produced  or  proa 

fective  form. 

3o^  M.  Silberberg  and  R.  Silberberg,  Arch.  (1948). 

*0*  M.  Silberberg  and  R.  Silberberg,  m.  .  1  .Qg  141  (1948). 

...  M.  Silberberg  and  R.  Silberberg,  Anal.  Record  102,  141  (10«1 
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The  work  of  several  authors  supports  this  view.  Hunt^^*  states  also  that 
fibers  may  be  formed  in  vitamin  C  deficiency  but  they  are  of  a  precol¬ 
lagenous  (reticular)  nature  and  are  of  low  tensile  strength. 

These  results  suggest  a  direct  connection  between  vitamin  C  and  the 
production  of  collagen.  The  reaction  of  scorbutic  tissues  to  bacterial  infec¬ 
tion  shows  lessened  production  of  collagen  fibers  (see  the  results  of  tubercu¬ 
lar  infection  of  the  lungs  of  experimental  animals  by  Greene  el  and  de 
Savitsch  et  and  on  the  intestine  by  McConkey  and  Smith*^^)^  Jeney 
and  Toro^i^  investigated  the  effect  of  vitamin  C  upon  the  production  of 
collagen  in  vitro.  They  found  that,  if  vitamin  C  was  added  to  the  culture 
medium  in  which  fibroblasts  were  being  grown,  fibers  were  produced  much 
more  rapidly.  Mazoue®^^  investigated  the  effects  of  vitamin  C  on  the  or¬ 
ganization  of  a  subcutaneous  clot  produced  by  severing  limb  muscles  and 
on  the  production  of  aseptic  giant  cell  granulomata  produced  by  injecting 
kieselguhr  into  the  peritoneal  cavity.  The  most  striking  result  was  the  lack 
of  production  of  collagen  fibers  in  vitamin  C  deficiency  in  both  these  con¬ 
ditions.  There  was  also  retarded  leucocyte  infiltration,  organization  of 
fibroblasts,  and  in  particular  giant  cell  formation.  The  administration  of 
vitamin  C  caused  the  return  of  all  these  processes  to  normal. 

Later  Mazou^^^®  studied  the  numerical  relationship  of  the  amount  of 
vitamin  C  (given  as  lemon  juice)  to  the  production  of  fibroblasts  and 


collagen  fibers  around  intraperitoneal  injections  of  kieselguhr  in  guinea 
pigs.  In  animals  on  a  scorbutic  diet  7.5  days  elapsed  after  the  injection 
before  the  first  fibroblasts  appeared  around  the  kieselguhr,  and  9  days 
before  the  first  collagen  fibers  appeared.  In  animals  given  1  cc.  of  lemon 
juice  per  day  in  addition  to  the  scorbutic  diet  (equal  to  0.5  to  0.7  mg.  of 
vitamin  C),  the  first  fibroblasts  appeared  on  the  third  day  and  the  first 
collagen  fibers  on  the  fifth  day.  In  guinea  pigs  receiving  3  cc.  of  lemon 
juice  daily  in  addition  to  the  scorbutic  diet  (equal  to  1.5  to  2.1  mg.  of 
vitamin  C),  the  first  fibroblasts  appeared  on  the  second  day  and  the  first 
collagen  fibers  after  about  2^^  days.  According  to  Bicknell  and  Prescott,®® 

collagen  fibers  form  m  an  injury  in  a  scorbutic  animal  within  24  hours  of 
the  administration  of  vitamin  C. 

Ouerido  and  Gaillard”*  also  demonstrated  the  relation  between  vitamin 
C  and  collagen  formation  w  mtro.  They  cultured  osteogenetic  cells  from  the 
c  ick  in  three  types  of  plasma;  (1)  from  scorbutic  guinea  pigs;  (2)  from 

E 'cte  SaXch  ■!;  d'^Si"’  ««■’■  ratcrc.  33.  585  (1936). 

Z  f  68,  87  (1934) 

314  u  Physiol.  (Virchow’s)  298  87 

.  Mazou4,  Arch.  Anal.  Microscop.  33,  129  (1937)  *  ^  ’ 

^  H.  Mazou4,  Arch.  Anal.  Microscop.  36,  91  (1939) 

A.  Querido  and  P.  J.  Gaillard,  dola  Brevia  Neerlani.  PKysM.  9.  ,0  (1939). 
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scorbutic  giiiuea  pigs  but  with  crystalline  vitamin  C  added;  (3)  from  scorbu¬ 
tic  guinea  pigs  which  had  been  treated  with  large  doses  of  vitamin  C  for  a 
few  days  before  the  experiment.  Hardly  any  fibers  were  formed  by  the  cells 
in  the  first  plasma,  but  in  the  second  and  third  plasmas,  fibers  were  formed 
as  rapidly  as  in  normal  plasma.  The  cells  in  the  scorbutic  plasma  showed 
fatty  degeneration. 

In  the  regeneration  of  bone,  fibrous  ossein  (related  to  collagen)  is  laid 
down  on  a  basis  for  calcification,  and  it  was  shown  by  Bourne"®^  that  the 
production  of  such  fibers  (osteoid)  in  injured  areas  (drill  holes  1  mm.  in 
diameter)  in  the  femurs  of  scorbutic  guinea  pigs  was  directly  proportional 
to  the  amount  of  pure  synthetic  ascorbic  acid  administered.  The  optimum 
level  of  osteoid  formation  was  found  to  take  place  at  2.0  mg.  of  ascorbic 
acid  per  day.  The  degree  of  regeneration  was  measured  by  cutting  sections 
through  the  center  of  the  hole,  measuring  the  area  of  trabeculae  (osteoid) 
present  in  the  central  sections,  and  comparing  them  with  the  total  area  of 
the  hole.  In  this  way  an  index  figure  for  regeneration  was  obtained.  The 
results  were  as  follows. 


Trabecular  index  X  100 

No  vitamin  C 
0.25  mg.  vitamin  C 
0.50  mg.  vitamin  C 
1.00  mg.  vitamin  C 
2.00  mg.  vitamin  C 
4.tXl  mg.  vitamin  C 

Maximum  production  of  bone  was  therefore  secured  at  a  level  of  2  mg.  of 
vitamin  C  per  day. 


7.73  ±  2.25 
6.70  ±  2.30 

9.74  ±  2.4S 
19.41  ±  3.53 
23.73  ±  6.75 
18.09  ±  4.48 


7.  Vitamin  C  and  Calcific.^tion 

The  question  also  arises  as  to  whether  ascorbic  acid,  in  addition  to  its 
established  relation  to  formation  of  collagen  and  bone  matrix,  is  a  so  con¬ 
cerned  with  calcification.  Salter  and  Aub”^  had  origina  j  t 

scorbutic  diet  prevented  deposition  of  calcium  m  bones,  but  they  i  no 
show  that  vitamin  C  allowed  calcification  to  take  place  (because  pure 
vitamin  C  was  not  available  at  the  time).  Boyle®^®  and  Boyle,  a 

Howe^  stated  that  the  process  of  calcification  continued  in  le  ^ 
guinea  pigs  when  they  had  been  on  a  scorbutic  diet  for  some 
and  Bessev=‘  stated  that  there  was  a  generally  accepted  view  that  utai^n 
C  plaved  no  part  in  the  process  of  calcification.  Bourne®^®  investigated  this 


w.  T.  Salter  and  J.  C.  .\ub,  Arch.  Path.  11,  380  (1931). 
P  E.  Bovle,  Am.  J.  Path.  14,  843  (1938). 

G.  H.  Bourne,  Quart.  J.  Exptl.  Physiol.  32,  1  ^1943). 
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problem  in  more  detail.  The  conclusions  derived  from  this  work  were  that 
less  bone  salt  is  laid  down  in  normal  and  regenerating  bone  in  scorbutic 
animals  than  in  those  in  which  pure  vitamin  C  is  given.  But  the  deposition 
of  bone  salt  is,  of  course,  an  orderly  and  timed  process  in  normal  animals. 
That  is  to  say,  bone  salt  does  not  appear  to  be  deposited  (except  in  severe 
scurvy)  until  there  is  an  adequate  fibrous  matrix  to  receive  it.  TVist  and 
McLean’’^®  have  shown  that  as  osteoid  trabeculae  are  in  the  process  of 
being  formed  they  already  have  a  deposit  of  bone  .salt.  The  production  of 
fibrous  matrix  of  bone  and  the  depo.sition  of  bone  salt  are  therefore  probably 
simultaneous  proces.ses.  So  the  deficiency  of  bone  .salt  in  scorbutic  animals 
is  due  to  the  fact  that  there  is  only  a  limited  amount  of  matrix  produced. 
It  would  .seem  then,  provided  that  there  is  sufficient  vitamin  C  to  produce 
matrix,  that  the  matrix  will  be  calcified.  The  apparent  failure  of  long  bones 
to  depo.sit  bone  salt  in  scurvy  therefore  may  be  due  to  the  fact  that  no 
matrix  had  developed  for  its  reception. 

The  function  of  vitamin  C  in  bone  formation  appears  to  be  to  facilitate 
the  production  not  just  of  bone  matrix  but  of  bone  matrix  impregnated 
with  pho.sphatase  as  well  as  bone  salt.  There  is  no  evidence,  however,  that 
vitamin  C  can  be  regarded  as  a  coenzyme  of  pho.sphata.se  in  calcificatory 
processes  or  even,  for  that  matter,  that  pho.sphata.se  is  concerned  with  the 
process  of  calcification.  It  may  be  concerned  primarily  with  the  formation 
of  bone  matrix.  Fell  and  Danielli,*^!  for  instance,  have  shown  that  first- 
formed  fibres  in  healing  .skin  wounds  are  also  pho.sphata.se-impregnated. 


8.  PtEPRODUCTIVE  ORGANS 


In  sex  glands  it  has  been  found  (Lind.say  and  Mede.s^^aj  there  is  a 
progre.ssive  degeneration  of  the  germinal  epithelium  of  the  testes  in  scorbu¬ 
tic  animals,  but  it  is  a  change  very  .similar  to  that  found  in  inanition. 
Goettsch*^^  has  found  motile  .spermatozoa  in  guinea  pigs  dying  of  scurvy, 
and  Mason^  confirms  that  the  te.sticular  degeneration  of  scurvy  is  non- 
.specific.  In  the  female  the  e.strus  cycle  per.slsts  until  the  later  stages  of 
deficiency.  Some  degeneration  of  ovarian  tksue  has  been  noted  in  scorbutic 
animals,  but  again  this  is  thought  not  to  be  a  direct  or  specific  effect  of 
vitamin  C  deficiency. 

There  are  two  schools  of  thought  about  the  effect  of  vitamin  C  deficiency 
on  pregnancy  (see  Mason^).  According  to  one  group  the  increa.sed  metabolic 
urnover  increa,ses  the  stress  of  scurvy  in  pregnant  animals;  another  group 
of  workers,  however,  have  shown  that  the  histological  lesions  of  .scurvy  are 
much  le.s.s  .severe  in  pregnant  animals.  This  protective  effect  of  pregnancy 


«>  h‘  Jl  F  n  Joint  Surg.  23.  1  (1941). 

32J  u'  arid  J  I-.  Danielh,  Bnt.  J.  Exptl.  Path.  24,  196  (1943) 

323  -^kdes,  Am.  J.  Anat.  37,  213  (1926). 

Al.  uoettsch,  Am.  J .  Physiol.  95,  64  (1940). 
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has  been  attributed  to  synthesis  of  vitamin  C  by  the  fetal  tissues  (Mouri- 
quand  and  Schoen324)  and  by  luteal  tissue  (Bourne^^s)^  Giroud^^s  has  claimed 
that  vitamin  C  may  be  synthesized  by  the  fetuses  of  some  species  of  animals 
and  not  by  others.  Ray326  and  Barnett  and  Bourne^^®  have  shown  that 
developing  chick  embryos  synthesize  vitamin  C. 


XII.  Vitamin  D  Deficiency 

1.  Rickets 


Vitamin  D  deficiency  produces  changes  in  bone  growth  which  result  in 
the  condition  known  as  rickets,  the  principal  morphological  characters  of 
which,  in  the  human,  were  first  described  by  Pommer®27  in  1885.  A  full 
review  of  the  literature  of  human  rickets  is  given  by  Hess.®^® 

Mellanby®^*  in  1918  first  described  experimental  rickets,  using  the  puppy 
as  his  experimental  animal,  and  shortly  afterwards  McCollum  et  alP^  de¬ 
scribed  the  same  disease  in  the  rat.  It  is  of  interest  that  Mellanby  later 
found  that  confinement  of  his  dogs  predisposed  them  toward  development 
of  rickets.  Also,  it  is  of  interest  that  the  rat  is  normally  resistant  to  vita¬ 
min  D  deficiency  and  for  such  a  condition  to  express  itself  in  this  animal 
there  must  be  concomitant  unbalance  of  the  calcium-phosphorus  ratio  or 
else  a  deficiency  of  these  elements  (Shohl  and  Wolbach®®^-  McCollum  and 
his  co-workers®®®  showed  that  cod-liver  oil  added  to  the  diet  of  vitamin 
D-deficient  rats  induced  calcification  to  take  place. 

Wolbach  and  Bessey^^  have  pointed  out  that  the  pathological  changes  in 
the  bone-forming  tissues  in  vitamin  D  deficiency  is  due  to  quantitative 
changes  in  serum  calcium  and/or  the  inorganic  phorphorus  content  of  the 
blood.  The  process  by  which  this  is  brought  about  seems  to  have  been 
determined  (Nicolaysen®®®  and  Logan®®®).  It  is  apparent  that  in  vitamin 
D  deficiency  there  is  reduced  absorption  of  calcium  from  the  alimentary 
tract,  although  in  general  phosphorus  absorption  does  not  seem  to  be 
affected.  Confirmation  of  these  results  has  been  obtained  with  radioactive 
calcium  (Cohn  and  Greenburg®®^) . 

324  G.  Mouriquand  and  J.  Schoen,  Compt.  rend.  197,  203  (1933). 

32®  G.  H.  Bourne,  Nature  136,  148  (1935). 

328  S.  N.  Ray,  Biochem.  J.  28,  189  (1934).  .  •  •  n  1*7  v 

322  G.  Pommer,  Untersuchungen  uber  Osteomalacie  und  Rachitis,  r  .  .  .  og  , 

328  Hess,  Rickets,  Osteomalacea  and  Tetany,  Lea  &  Febiger,  Philadelphia, 


1929. 

329  E.  Mellanby,  J.  Physiol.  {London)  62,  Proc.  lin 

330  E.  V.  McCollum,  N.  Simmonds,  H.  T.  Parsons,  P.  G.  Shipley,  and  E.  A.  Park, 

J.  Biol.  Chem.  46,  333  (1921).  noaii'i 

331  M.  T.  Shohl  and  S.  B.  Wolbach,  J.  Nutrition  11,  275  (IJ^b;. 

332  R.  Nicolaysen,  Biochem  J.  31,  122  (1837). 

333  M.  A.  Logan,  Physiol.  Revs.  20,  522  (1^0). 

334  W.  E.  Cohn  and  D.  M.  Greenberg,  J.  Biol.  Chem.  130,  625  (1939). 
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Presumably  this  defective  absorption  is  sufficient  to  explain  the  bone 
changes  in  rickets,  but  there  has  been  some  question  as  to  whether  vitamin 
D  does  not  also  have  some  local  action  in  bone.  Follis^  says  that  the  balance 
of  evidence  is  against  this,  but  Cohn  and  Greenburg  and  Shimotori  and 
Morgan*®^  have  suggested  that  the  mechanism  in  bone  which  converts 
inorganic  phosphorus  into  the  organic  form  is  affected  in  rickets.  Shipley®*® 
and  Shipley  and  colleagues*®^  found,  however,  that  pieces  of  bone  from 
rachitic  animals  would  calcify  if  they  were  placed  in  solutions  containing 
an  optimum  solution  of  calcium  and  phosphorus  but  not  if  the  concentra¬ 
tion  was  not  optimal.  It  is  of  interest  that  estrogens  stimulate  endosteal 
bone  groAvth  in  mice  but  this  reaction  is  not  affected  by  presence  or  absence 
of  vitamin  D  (Segaloff  and  Cahill**®).  Migicovsky**®  showed  by  the  use  of 
radioactive  calcium  that  vitamin  D  did  not  exert  a  direct  effect  on  the 
mineralization  of  bone. 

Most  animals  appear  to  require  vitamin  D.  Rickets  has  been  induced  in 
a  large  number  of  different  species  of  animals.  Alost  work  on  this  subject, 
however,  apart  from  Mellanby’s,  appears  to  have  been  carried  out  on  rats. 
The  characteristic  epiphyseal  changes  which  take  place  in  vitamin  D  de¬ 
ficiency  have  been  described  by  a  variety  of  authors. 


2.  Bone  Changes 

In  normal  growth  the  epiphyseal  cartilage  undergoes  proliferation  and 
the  diaphyseal  edge  of  it  is  subject  to  continual  endochondral  ossification. 
As  the  cartilage  cells  approach  the  diaphysis  the  hypertrophy  is  accom¬ 
panied  by  loss  of  chondroitin  sulfuric  acid  from  the  cartilage  matrix  and 
accumulation  of  alkaline  phosphatase  in  its  place.  Then  the  cells  closest  to 
the  diaphysis  degenerate  and  capillary  loops  pass  into  the  degenerated  lines 
o  cartilage  cells.  There  has  been  some  discussion  as  to  whether  capillaries 
penetrate  only  into  spaces  in  which  the  cells  are  dead  or  whether  they  are 
more  aggressive  and  can  penetrate  into  spaces  occupied  by  active  cartilage 
cells  ^  Park-  and  Dodds-  suggest.  Harris-  and  Ham  and  Leads- Wie™ 

looDs  ^  by  capillary 

he'^pattem  -pported  by  Wolbach  and  Bessey  -  who  Lim  that 

pattern  of  vascular  distribution  in  the  invaded  cartilage  is  directly 

33S  XT  CiT- 


Z  J-  Biol.  Chem.  147,  201  (1943) 

337  p‘  p'  Bopkins  Hosp.  36,  304  (1924). 

a'.  SeS7„’uV  It'*" 

:::  i- 1 

o;  s.-  Sr 

1933.  “  Health  and  Disease,  Oxford  University  Press, 

A.  W.  Ham  and  M.  D.  Lewis,  Brit.  J.  ExpU.  Path.  16,  228  (1934). 
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dependent  upon  the  distribution  of  cartilage  cells  which  have  completed 
their  cycle. 

Between  the  invading  loops  of  cartilage,  calcification  of  the  matrix  takes 
place  and  the  calcified  osteoid  is  deposited  in  the  lacunae  which  the  cartilage 
cells  originally  inhabited  and  which  have  now  been  invaded  by  capillaries. 

In  vitamin  D  deficiency  the  aligned  cartilage  cells  do  not  die  and  capil¬ 
laries  do  not  appear  to  penetrate  into  the  lacunae.  There  is  no  calcification 
of  the  cartilage  columns  between  the  cartilage  cells,  and  although  some 
matrix  may  be  laid  down  it  is  uncalcified.  There  is  also  a  resorption  of  bone 
formed  before  the  deficiency  began.  Although  endochondral  ossification 
ceases,  multiplication  of  the  epiphyseal  cartilage  continues  and  so  a  broad 
zone  is  built  up  which  has  been  described  as  a  “rachitic  metaphysis.”  Not 
all  penetration  by  capillaries  ceases,  and  some  penetrate  into  the  carti- 
lagenous  area.  Similarly,  tongues  of  cartilage  may  grow  down  into  the 
diaphyseal  marrow.  Trabeculae  made  up  of  uncalcified  osteoid  are  also 
present  in  this  zone.  These  are  due  to  the  deposition  of  the  material  on 
detached  groups  of  cartilage  cells.  The  jumble  of  tissues  in  the  epiphyseal 
region  shows  clinically  as  a  swelling  or  in  the  case  of  the  ribs  (costochondral 

junctions)  as  a  beading  (see  Figs.  69,  70,  and  71). 

When  vitamin  D  is  given  to  deficient  animals  there  is  a  calcification  in 
the  cartilage  nearest  the  rachitic  metaphysis  and  the  width  of  this  calcified 
area  appears  to  depend  upon  the  amount  of  vitamin  D  administered.  This 
fact  is  applied  in  the  “line  test”  for  assay  of  vitamin  D.  Rachitic  animals 
are  treated  with  a  known  amount  of  vitamin  D  to  produce  a  base  line.  Then 
substances  containing  unknown  amounts  of  vitamin  D  are  fed  to  another 
group  of  rachitic  animals,  usually  rats.  At  the  conclusion  of  the  experiment 
the  rats  are  killed  and  their  long  bones  dissected  out  and  split  m  two.  The 
bones  are  then  placed  in  silver  nitrate,  and  as  the  line  of  calcificaUon  in 
both  groups  becomes  black  its  width  is  measured.  Hence  by  comparison  ot 
the  size  of  the  line  in  the  two  groups  the  activity  of  the  vitamin  D  in  the 

unknown  sample  can  be  calculated. 

Within  24  hr.  ot  the  administration  of  vitamin  D  to  rachitic  amma  s 

regenerating  cartilage  cells  can  lie  seen  near  the  diaphysis,  and  by  2  days 
there  is  considerable  capillary  penetration  into  the  cartilage.  Remodeling 
then  goes  on.  and  mo.st  signs  of  the  deficiency  are  removed,  liiit  Reed  and 
Reed>*<  have  pointed  out  that,  in  rats  at  least,  X-ray  studies  show  that 
rachitic  pattern  in  the  epiphyses  may  never  be  completely  lost.  “ 

other  authors  have  also  pointed  out  that  bones  which  have  been  serious  y 
distorted  during  the  incidence  of  the  disease  rarely  return  to  normal. 

>«  C.  E.  Reed  and  H,  P.  Reed,  Am.  J.  Physiol.  138  ,  34  (1942). 
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3.  Teeth 

Changes  also  take  place  in  the  teeth  in  vitamin  D  deficiency.  Weinmann 
and  Schour^'*^  have  described  a  “calcio-traumatic  line”  in  incisor  teeth  of 
deficient  rats  which  is  due  to  interference  with  the  calcification  of  the 
dentine  at  these  sites.  There  is  also  retardation  of  formation  of  bone  pre¬ 
dentine  and  cementum.  The  enamel  organ  atrophies  and  frequently  under¬ 
goes  cystic  changes  in  the  process. 

The  primary  change  in  vitamin  D  deficiency,  however,  is  that  of  the 
bones.  Other  changes,  w'hen  they  do  occur,  are  secondary  to  those  of  the 
bone  changes  and  sometimes  are  caused  by  pressure  change. 

4.  Bone  Repair 


Hertz*®  investigated  the  effect  of  vitamin  D  deficiency  in  the  healing  of 
fractures  and  was  not  able  to  find  any  evidence  that  the  chondrocytes  in 
his  fracture  calluses  were  able  to  undergo  metaplasia  directly  into  bone 
cells  in  the  way  that  has  been  described  by  various  authors  in  the  past 
(Muller®^®).  On  the  other  hand  his  specimens  showed  some  evidence  of 
direct  metaplasia  of  cartilage  into  osteoid  (chondro-osteoid  of  von  Reck¬ 
linghausen),  although  the  metaplasia  w^as  never  complete.  He  found  little 
or  no  calcification  in  the  cartilage  of  the  vitamin  D-deficient  callus.  Another 
finding  w'as  that  there  was  a  hyperproduction  of  both  osteoid  and  cartilage. 


5.  Soft  Tissues 

The  parathyroid  undergoes  hyperplasia  in  D  deficiency,  and  according  to 
de  Robertis®'*^  this  is  accompanied  by  an  increased  comple.xity  of  the  Golgi 
apparatus.  There  are  few  records  of  changes  in  the  soft  tissues  or  in  the 
reproductive  glands,  although  Richter  and  Rice®^*  have  reported  that  vita¬ 
min  D  deficiency  induced  dioestrus  in  the  rat  and  Arvey  and  Gabe®^^  have 
found  that  rachitic  animals  have  small,  pale,  inactive  thyroids  with  the 
iolhcles  loaded  with  colloid  and  the  follicular  cells  flattened.  Theopold®®® 
found  an  increase  of  glycogen  in  the  liver,  a  deposition  of  iron  in  the  spleen 
and  m  the  lymphatic  ganglia,  and  atrophy  of  the  ducts  of  the  submaxillary 
glands.  There  was  a  reduction  in  the  number  of  red  cells  and  of  reticulocytes 

phosphatase  content  of  intestine,  kidneys, 
and  costochondral  junctions  in  rachitic  rats.  It  is  of  interest  that  Hens- 
borough  and  Nicholas**-  found  that  vitamin  D  injected  together  with  P** 

H  h  S'hour,  Am.  J.  Pathol.  21,  833  (1945). 

n.  Muller,  Z.  wiss  Zool.  9,  147  (1858). 

E.  de  Robertis,  Anat.  Record  79,  417  (1941) 

III  a’  Physiol.  139,  693  (1943) 

350  w  Physiol.  {London)  42,  835  (1950). 

361  T  A  ^^(^natsschr .  Kinderheilk.  98,  227  (1951) 

L.  A.  Hensborougl.  and  P.  A.  Nicholas,  J.  Expl.  Zool.  112.  186  (1949). 
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(radioactive  phosphorus)  into  the  air  chamber  of  a  developing  hen’s  egg 
facilitated  the  incorporation  of  the  into  the  developing  embryo.  Auto¬ 
radiographic  studies  showed  to  be  present  in  all  parts  of  the  embryo 
and  to  be  greatest  in  the  regions  of  greatest  concentration  of  cells, 

XIII.  Vitamin  E  Deficiency 

1.  General  Description 

The  existence  of  a  “hitherto  unknown  dietary  factor  essential  for  re¬ 
production”  was  described  by  Evans  and  Bishop^®'^  in  1922  and  in  subse¬ 
quent  papers.  It  was  discovered  first  in  the  rat,  and  detailed  studies  of  the 
effect  of  the  deficiency  in  this  animal  were  carried  out  by  Mason. ^  Later 
Goettsch  and  Pappenheimer^^®  described  vitamin  E  deficiency  in  guinea 
pigs  and  rabbits,  and  in  1931  they  attributed  “crazy  chick  disease”  to  a 
deficiency  of  this  vitamin.  Anderson  et  found  that  dogs  appeared  to 
need  vitamin  E  in  their  diet. 


2.  Embryo 

Interference  with  reproduction  is  the  outstanding  effect  of  vitamin  E 
deficiency.  In  the  female  there  is  no  effect  on  the  various  processes  of  estrus 
and  ovulation  or  even  implantation  of  the  fertilized  embryo.  However, 
eventually  the  fetus  is  resorbed.  At  about  the  seventh  day  of  gestation  the 
mesodermal  tissues  of  the  embryo  show  signs  of  retarded  development.  In 
the  developing  embryo  the  first  sign  of  trouble  is  usually  indicated  when 
the  ectodermal  cavity  does  not  appear.  Failure  of  ectodermal  activity  is 
expressed  too  by  failure  of  the  ectoplacentral  and  amniotic  cavities  to 
develop,  while  mesodermal  failure  is  expressed  by  lack  of  formation  of  blood 
islands  and  hemopoiesis  in  general.  The  liver  develops  irregularly,  and  blood 
cells  are  absent  from  heart  and  blood  vessels.  There  is  failure  (or  decreased 
activity)  of  the  fetal  vessels  to  invade  the  maternal  tissues,  and  it  is  this 
inadequate  connection  between  mother  and  embryo  that  is  probably  re¬ 
sponsible  for  asphyxia  and  starvation  of  the  latter.  Soumalainen^^^  found 
that  the  embryos  of  mouse  and  hedgehog  are  partly  nourished  ^  the  uterus 
by  the  histiotrophe  (the  part  of  the  endometrium  not  occupied  by  the 
decidua)  and  that  in  vitamin  E  deficiency  the  histiotrophe  does  not  form 
Histochemical  studies  of  the  localization  of  iron  have  ^^own  that  th 
metal  decreases  in  deficient  animals  just  before  resorption  of  the  embryo 
begins.  During  resorption  large  amounts  of  iron  appear  ‘  «  5™  „ 

The  fetus  eventually  becomes  necrotic  and  is  resorbed, 

m  H.  M.  Evans  and  K.  S.  Bishop,  Science  66,  650  (W22) 

>«M.  Goettsch  and  A.  M.  Pappenheimer,  J.  ®  ' q’  KxvU  Biol  Med. 

m  H.  D.  Anderson,  C.  A.  Elvehjem,  and  J.  E.  Gonce,  Proc.  Soc.  Exptl.  Biol. 

42,  750  (1939). 

366  p.  Suomalainen,  Nature  166  ,  364  (1950). 
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also  been  foviiid  necessary  for  hatchability  of  the  efj;gs  of  the  domestic  fowl. 
The  developing  E-deficient  chick  embryo  sliows  a  retai'dation  of  growth 
and  does  not  differentiate  properly.  At  the  fourth  day  of  incubation  there  is 
a  distintegration  of  the  blood  vessels  of  the  blastoderm,  hemorrhage  into 
the  coelome,  and  the  formation  of  a  dense  ridge  of  tissue,  descril)ed  as  a 
lethal  ring,  in  the  blastoderm  around  the  embrycn  This  prevents  the  tcxpan- 
sion  of  the  embryonic  membranes  and  interferes  witli  the  vitelline  circula¬ 
tion.  Even  if  embryos  survive  the  critical  lethal  ring  period,  they  die  within 
the  next  day  or  two  from  internal  hemorrhage.  This  account  of  x’itamin  E 
deficiency  is  taken  from  Masoid  (see  Figs.  73  and  74). 

3.  Male  Reproductive  Organs 

Mason  also  listed  the  workers  who  have  described  changes  in  tlie  testes 
of  male  rats  on  a  vitamin  E-deficient  diet.  He  (pioted  the  list  of  progressive 
changes  in  the  sperm  in  this  deficiency,  first  described  by  Evans  and  Burr.*^« 
ddiese  are: 

1.  Sperm  normal  in  number,  morphology,  and  motility,  but  fertilizing 
power  lost. 

2.  Sperm  morphology  normal  but  motility  lost. 

3.  Sperm  fused  in  groups,  invested  by  Sertoli  cell  cuffs,  and  showing 
abnormal  staining  reactions. 

4.  Sperm  absent  from  ejaculate. 

o.  Loss  of  ability  of  animal  to  form  a  copulation  plug. 

0.  Loss  of  all  sex  interest  by  the  animal. 

AcoompiUiyiiig  these  chaTiKes  we  find  eliiomatolysis  and  fusion  of  sperms 
1  he  spermatids  then  heeorae  vesicular  and  Hnally  deKenerale.  'I’he  cliroma- 

0^,1^  “'"1  it  agKreftates  in  Ihe  form 

11  I  a  “‘'■'“■‘"'f-  Sometimes  coalescence  of  these 

aHeHed.  althonuli  some  show  signs  of  damage.  lOvenlually,  the  Sertoli 
e  s  lecome  the  sole  occupants  of  the  seminiferous  luliules.  'I'iiere  seems  to 

e  e  I  that  If  cy  may  |)rohlerate  ami  l{ingsted«>‘  that  in  advanced  vitamin 
Fig.  72).  to  completion  (see 

su«::lrf:h::;t  ::rn:;‘;r 

functioning  of  the  nucleus  '  itimiin  E  and  the 

367  p'  I’niv.  Calif  8  1  (U)O-) 

“  A.  Hn.gs,e,l,l,«6,,,„a„e,l  m/.' p 
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lie  concerned  with  the  process  of  synthesis  of  desoxyrihosenncleic  acid,  a 
process  which  takes  place  every  time  a  cell  divides  and  whi{;h  incidentally 
is  known  to  he  affected  by  X-radiation  (Howard  and  Pelc'*^“). 

In  view  of  the  fact  that  the  intersitial  tissue  is  undamaged,  it  is  not 
surprising  that  accessory  sex  glands  are  unaffected  hy  the  deficiency. 

4.  Pituitary  Gland 


The  anterior  pituitary  gland  shows  changes  in  rats  on  a  vitamin  E-free 
diet.  The  basophilic  cells  bei'ome  modified  in  a  fashion  not  unlike  that  pro¬ 
duced  by  undescended  testes  or  by  castration  (see  Nelson,*®"  Geller,*®^  and 
Gierhake*®-).  Mason  discussed  this  work  and  pointed  out  that  pituitaries 
from  such  animals  when  transplanted  into  immature  rats  and  mice  caused 
precocious  sexual  maturity.  This  led  tu  the  view  that  ^itamln  E  contiols 
the  endocrine  function  of  the  anterior  pituitary  gland.  For  further  discus¬ 
sion  of  this  problem  see  INIason’s  work. 


5.  Muscle 

In  1930  Goetsch  and  Pappenheimer*®*  described  a  “nutritional  muscular 
dystrophy”  in  ial)l)its  and  in  guinea  pigs  whieli  has  now  lieen  referred  to 
vitamin  E  deficiency  ((ilcott*”).  Paralysis  in  vitamin  E-deficient  animals 
had,  however,  first  been  described  by  Evans  ami  Hnrr^®^  {see  also  Demole 
and’pfaltz»“).  Pappenheimei-’“  ■  subse<iuently  described  in  more  detail 
the  pathology  of  nutritional  muscular  dystrophy  due  to  r  itamm  E  defi¬ 
ciency  in  young  rats  ami  mice,  ami  Mackenzie  and  McCollum^*  have 
showii  that  the  same  disease  in  young  rabbits  can  be  cured  with  vitamin 
They  showed  that  there  is  some  interference  with  the  creatine  metaViohsm 
of  the  muscles  of  such  animals.  Kaniiitz  ami  Pappenheimei"»  latm-  investi¬ 
gated  oxygen  uptake  in  vitamin  E  deficiency,  and  Fenii  and  (mettsch 
studied  electrolyte  changes  in  this  condition.  The  conclusion  diaiMi  bom 
these  observations  is  that  there  is  an  increased  uptake  ol  <«ygen  by  vi  amiii 
ETticient  muscle  whkd,  occurs  some  time  before  any  histological  change 
can  be  observed.  Simultaneously  there  is  an  increa.se  in  muscle  sodium  and 

...  limvar.l  and  S.  1-clc  i„  Tt.c  Dl.cmisl ry  and  l>livsi..loB.v  olMie  Nncleus,  Sn|,|.l, 
2  of  Kxijtl.  ('ell  Research,  .-Vcadomio  Press,  New  ^ork.  1. 5- 

360  W.  ().  Nelson,  Anal.  Record  56,  241  (193.1). 

361  p  ().  (idler.  Arch.  (Hyndkol.  156,  345 

362  K.  (licM-hake,  Deal.  med.  Woehnehr.  61,  1674  (19.1o). 

363  H.  S  Oleott,  ./.  Nutrition  15,  221 

...  11.  M.  Hvans  and  (1.  Iturr.  J.  II, .,L  (  han.  76. 

...  V.  Dcna.lc  and  11.  ffaltz.  /far.  ,„M. 

...  .\.  .\1.  Papponlicinicr,  .t/a. 

367  A.  .M.  Pai)i)enheinier,  Am.  J.  R<dl>-  18,  169  (  ■  -  •  (1940). 

368  (i  Mackenzie  and  P.  V.  McC'ollmn,  2.  i  "  ,(943) 

362  Kaunitz  an.l  .4.  M-  PaRpenheimer,  Am. 

370  \V.  O.  P'enn  and  M.  Goettsch,  J .  Riol-  c''*- 
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(‘hloride  tiiul  a  mluciioii  in  muscle  creatinine.  Lii,  Emerson,  and  Evans 
have  also  shown  that  the  ability  of  muscle  to  carry  out  phosphorylation  of 
glycogen  is  reduced.  Other  chemical  changes  in  muscle  are  an  increa.se  in 
fat,  lipid,  and  cholesterol  (Morgulis  et  and  an  increa.se  of  cahdum 

and  phosphoius.  The  calcium  can  be  demonstrated  histologically  in  the 
muiscle  fibers  when  they  become  necrotic. 

Follis'*  has  des(*ribed  the  histological  changes  in  muscle  in  E  deficient 
rats  as  follows.  There  is  swelling  and  hyalinization  of  muscle  fibers,  followed 
by  necro.sis.  The  fluid  of  the  intercellular  .spaces  may  be  vi.scous  and  it 
contains  extra  protein.  In  this  process  there  is  a  rajiid  and  .striking  lo.ss  of 
cro.ss  striations  of  the  mu.scle  fibers  which  become  amorphous  ma.sses.  In 
the  final  stages  the  muscle  fibers  contain  only  granular  debris  and  newly 
formed  nuclei  (Telford  c‘  (.see  Figs.  75,  7(1,  78,  7<),  and  SO).  It  is  of 

interest  that  considerable  histological  degeneration  of  mu.scles  may  occur  in 
vitamin  E  deficient  animals  without  clinical  .symptoms.  The  sarcolemmal 
nuclei  proliferate  and  there  is  leucocytic  infiltration.  There  is  also  an  in- 
crea.se  of  tat.  Regeneration  is  prompt  with  admiiust  ration  of  vitamin  FI 
Telford  has  described  a  lo.ss  of  motor  end  plates  from  the  muscles  of  deficient 
animals  and  their  replacement  on  admini.stration  of  the  vitamin.  Martin 
and  Moore”^  have  described  necro.sis  of  the  tubular  epithelium  of  the 
kidney  of  rats  on  a  \’itamin  E-defi(*ient  diet. 


().  PiGME.NT  AND  NeUVOUS  SySTE 


OM 


I  here  IS  a  widespi  ea.l  (lcpci.sit  (if  a  K(iI(I(.|i-c„I,„  (.,1  fliaircscont  piameiit 
(.Mdcilc  and  \\ang>'»)  in  vitamin  E  deliciency.  It  wa.s  desciilicd  (ii-sl  in  tlie 
tilems  and  may  a|)peaf  also  in  .skeletal  mnscic.  It  api>(.ars  In  lio  associated 
with  musculat-  dystniphy.  Lymph  nndes  also  entdain  the  pigment.  M.inte 
am  Wang  hehet-e  that  this  iiigment  aiises  in  vivo  fmm  the  idimirmal  nxida- 
tion  (11  Pidtein  Ihey  state  that  the  presetiee  „f  nxidiited  atid  deamitiated 
RiTiiips  denved  li„m  Iryptnphan  is  t,,i  he  suspected.  The  pigment  has  seme 

linm  <et„id  a  hicivii  fhi(,ie.scent  |,igmeiit  present  in  rats  snlTeriim  from 
expel itmintaC'rrhosts  .il  the  liver,  allh<iiigh  Maseii  and  EmmeP”  have 
.  atteiitinn  t„  certain  similarities  between  the  two  pigmeidl 
Iitalerence  with  pigment  metalmlism  is  shown  hv  he  fact  that  the 
iioii-containiiig  pigment  which  dLscolors  the  iiicis,,,.  i,.;.il,  f 
...  Which  are  maintained  on  a  diet 

MorKulLs,  WilX’"  133,  .S67  (1941;. 

124,  7.W  „93s).  ’  •  ^d>l>stoin,  J.  Wol.  Chem. 

376  X  x  A.,,  ■  ,  .  ^^  >^fntion  1,  5.3  (1947) 

K.  L.  Masoi,  and  A.  F. 


104 


GEOFFREY  H.  BOURNE 


l)ut  if  fat  is  added  to  the  diet  the  pigment  is  not  deposited  upon  the  teeth 
(Moore*'^^  and  Dam  and  (Iranados^^*). 

Mason  et  showed  that  if  rats  were  raised  on  a  vitamin  E-deficient 
diet  which  contained  20%  of  cod-liver  oil  there  was  an  accumulation  of 
acid-fast  pigment  in  the  adipose  tissue  where  it  was  localized  i)articularly 
in  developing  fat  cells.  There  were  also  localized  prolilerations  of  cells 
which  resulted  in  the  formation  of  pigmented  cell  clusters,  the  cells  ot 
which  merged  to  form  multinucleated  giant  cells.  Accumulations  of  pig¬ 
mented  macrophages  also  occurred. 

(Iranados  et  a/.*""  found  that  it  was  the  unsaturated  fraction  of  cod-liver 
oil  that  was  most  active  in  this  res^ject  when  the  diet  was  simultaneously 
deficient  in  vitamin  E. 

Li])schutz'^'^^  in  1930  re])orted  lesions  ot  the  vestibular  nuclei  and  then 
connections  in  vitamin  E-cleHcient  rats  ami  also  in  the  extrapyramidai 
tnu'ts,  the  proprioceptive  tiacts,  and  the  ventral  horn  cells  of  the  spinal 
cord.  'I'here  has  been  some  disagreement  about  the  incidence  and  extent 
of  neurological  changes,  but,  the  variations  in  results  olitained  may  be 
exiilained  by  the  work  of  Luttrell  and  Mason.““  They  fonnil  that  alter 
some  months  on  a  vitamin  H-deticienf  diet  young  rats  showed  evidence 
of  hvpalgesia  and  progressive  paresis,  .\utopsy  showed  gliosis,  i  istortion  o 
axon  pattern,  and  demyelinization  in  the  posterior  columns  ol  the  spinal 
ciird  (fasciculi  cineatus  ami  gracilis)  and  of  the  proximal  parts  ot  the 
posterior  roots  of  the  cervical,  thoracic,  ami  lumbar  segments  ol  the  spinal 
■ord  When  oxidised  lard  was  used  instead  of  fresh  lard  in  the  diet,  however 
the  onset  of  symptoms  was  delayed  and  the  severity  ol  the  neurological 

changes  diminished  (see  Eigs.  81  and  82).  -w  ,  i 

In  mice  however,  although  raising  the  amount  ot  coddivcr  oil  (and  Hills 

the  irnsmi’iiated  fat)  in  the  diet  from  2%  to  10%  or  20%  caused  an  in¬ 
creased  inciilence  of  myopathy  and  paralysis,  no  changes  were  observed 
the  spinal  cor.l  ('robin«).  I'or  a  leview  of  the  eKect  ol  niisat united  lat 

vitamin  E-deticient  diets  see  Pappenheimei .  min 

•r.ibin  also  showeil  that  raising  the  cod-liver  oil 
F  (lelicient  diet  caused  an  increase  in  aci.l-last  pigment  in  ' 

Tobin  and  BirnhaunT^^  had  i)reviously  shown  that  a  hioun  (  ege 

377  T  Moore,  Hiochem.  J .  37,  112  (1044). 

378  u.  Darn  and  H.  Ciranados,  t^dence  102  41.7  ‘  ^  ^ 

379  K.  K.  Mason,  H.  Ban'-  =‘'“1  AcIo  rath.  Microbiol.  Scand.  24. 

380  H  (Iranados,  K.  l'^-  Mason,  and  >  > 

381  M.  1),  Lipsrdiutz,  Rev.  neurol.  65,  221  ^  ■  52.  114  (1040). 

382  c.  N.  Lutircdl  an.l  K.  K.  Mason,  A>»<.  AM-  Aca<l. 

383  ((.  K,  Tobin,  Arch.  Path.  60,  1 

384  A.  M.  I’appcnhoimer,  rhifsiol.  A'ces.  2  ’  •  '  ^  ^ 

385  c.  K.  Tobin  and  J.  F.  Birnbaum,  Arch.  Path.  44.  .b.)  (1.147). 
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was  induced  in  the  adrenal  glands  of  mice  on  a  similar  diet.  1  he  pigment 
was  found  in  all  zones  of  the  adrenal  cortex  as  well  as  in  the  medulla  in 
advanced  stages.  This  pigment,  from  its  staining  reactions,  was  similar  to 
that  found  in  rats  after  treatment  with  a  similar  diet  and  to  the  ceroid 
pigment  of  rats  suffering  from  dietary  cirrhosis  (see  Fig.  77).  Mason  and 
Hartsougld**®  found  that  in  mink  suffering  from  steatitis  there  were  deposits 
of  acid-fast  yellow-brown  pigment  in  lymph  nodes,  adrenals,  and  adipose 
tissue.  The  tissues  of  these  animals  were  found  to  he  low  in  tocopherol,  and 
investigation  of  the  diet  showed  a  tocopherol  deficiency  also.  The  authors 
consider  that  a  diet  high  in  unsaturated  fat^  and  low  in  vitamin  E  plays  an 
important  role  in  the  genesis  of  steatitis  in  the  mink.  It  is  of  interest  that 
it  has  been  shown  (Hourne^®^' that  the  Australian  opossum  in  its  natural 
state  may  show  accumulations  ot  yellow  and  brown  acid-fast  pigment  in 
adipose  tissue  and  adrenals.  Whether  this  could  be  attributed  to  a  dietary 
aberration  it  is  difficult  to  say. 


'  7.  Heart 

Houchin  and  Smitld^*  have  de.scribed  death  in  vitamin  E  deficient  rabbits 
as  being  tlue  to  myocardial  failure.  1  hey  have  also  described  an  increased 
uptake  of  o.xygen  by  the  cardiac  muscle  of  vitamin  E  deficient  hamsters. 
It  had  previously  been  reported  by  Freire^«"  that  \-itamin  E  deficient  rats 
showed  foci  of  hyaline  necrosis  in  the  myocardium.  Freire  and  Magahas*'*^ 
confirmed  this  result  and  found  accompanying  changes  in  the  electro¬ 
cardiogram.  Subsequently  Mason  and  EmmeF^®  described  necrosis  of  the 
myocardium  and  fibrous  replacement  of  the  damaged  tissue. 

(.atz  and  Houchnd®-  found  that  the  degenerative  processes  in  the  heart 
muscle  of  E  deficient  rabbits  resembled  tliose  in  skeletal  muScle  In  the 
cardiac  tissue  which  showed  considerable  increase  of  oxygen  consumption 
le  capillaries  and  other  vessels  were  prominent  and  distended  with  blood 
C  (instriction  bands  developed  around  some  Hbers.  The  view  of  the  authors 

IS  that  muscle  metabolism  in  vitamin  E  deficiency  becomes  increased  prior 
to  tlie  appearance  of  necrosis. 

One  (.f  the  cliaiacteristics  of  .leRenetaling  caidiac  Hl.ers  in  thi.s  .letieienev 
.s  the  appearanee  of  vaenole.s  n,  the  .sa.v„,>ia»,n.  The  natnfe  of  tlteae 

?™,  ”,  'I"  "«<  '-'''‘tain  Int  of  a,h,l-faat  piRmentV 

two  inn, IT  ”  myoHlnillae,  ami  aa  a  resnlt  the 

tno  hands  lawatne  mote  Kfannlar  in  appearanee.  There  i.s  then  a  progressive 

“  k  |V  kr’"  “"'l'"  •/.  .In.  Vet.  .1/,.,/.  U9  72  , 

11.  Bourne,  Nature  134,  OCq  (icwji  ’  (Blal). 

o.  B.  Houchin  Fniversity  Press,  (1949). 

A  -7  ''  'tVsio/.  141,  242  (1944) 

V  J  I'.u'"'  Fci;.  hrasil.  hiol.  3,  91  (1043) 

A.  J.  (uUz  an.l  ().  B.  Houchin,  Anat.  Reauul  110  ,  249  (1951): 
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loss  of  myofibrillae  as  the  vacuoles  coalesce,  and  finally  only  a  sarcolemmal 
sac  full  of  fluid  and  containing  little  else  l)eyond  a  nucleus  is  found.  There 
is  little  evidence  of  degeneration  of  nerve  endings  in  cardiac  muscle.  Filer 
ct  found  that  vitamin  E  deficiency  combined  with  a  low  fat  diet  led 
to  slight  but  consistent  changes  in  the  electrocardiogram  and  ])neumo- 
cardiogram.  The  changes  were  a  reduction  in  amplitude  of  the  R  and  T 
waves,  inversion  of  the  T  wave  and  shortening  of  the  time  for  initiation 
of  ventricular  ejection  from  the  heart. 

(iatz  and  llouchin  also  examined  the  thyroid  gland  histologically  in  view 
of  the  increased  oxygen  u]hake  by  muscle.  They  found  that  the  thyroids 
appeared  relatively  inactive  as  judged  by  the  accumulation  of  colloid  in  the 
follicles  and  the  flattened  nature  of  the  follicular  epithelium. 


8.  TjIVEr 

Chevrels*®'*  found  that  in  vitamin  E  deficiency  in  ral)bits  there  was  fatty 
infiltration  in  the  center  of  the  liver  lobules,  llie  glycogen  stores  were 
retluced  and  the  infiltrated  regions  were  poor  m  ribonuclease.  Alkaline 
phospluitasc  was  also  found  lo  he  present  in  tlie  central  zones  of  the  lobules 
aiul  in  the  hiliarv  ettnals.  l.imlen  and  Himsworth"’^  fon.nl  that  a  .lonhie 
deticieney  of  vitamiti  E  and  sulfur-containing  ammo  acids  caused  massne 

necrosis  of  the  liver. 

9.  Embryonic  Eyes 

\llison  ami  Orent  Keiles”'  foutid  that  tlie  eyes  of  rats  liorn  of  vitamin 
E  deficient  motliers  showed  retrolental  filnoplasia  such  as 
in  premature  liitman  infants.  Tlie  eyes  were  unusually 

failed  to  oiien.  There  was  an  opaiiue  white  membrane  behind  he  ] .  |  il  n 
animals  so  alTected,  and  in  one  animal  the  pninl  was  hllet  ly  a  c  o  ,  o 

XIV.  Deficiency  of  Other  Factors 

I leficieney  in  otiter  IZsZL 

itmltrin' tnUhological  changes  it,  tissues.  In 
'fi^liair-at:  lach  -'  f  these  fatty  acids  causes  cessation  of  estrns,  fetal  resorp- 

i>  V  ('  Vn  •ind  K  K  Ann.  N.y.  -^cad.Sci. 

393  L.  .J,  Fil(‘r,  K.  F.  Huinory,  1  .  N- t..  lu,  aii(M  • 

52  2S4  (1049). 

39.  M.  L.  COiovrols,  Compt-  ]>a(h.  31,  (1950). 

395  {).  Liiidcii  and  H.  P.  lliniswort  •  •  ■  '  ;  .y,,r,  (1951). 

..95  K  (y  Allison  a, Hi  E.  Oro.d  Kodcs  /  ror.  rSor. 

593  (j.  0.  Burr  anti  M.  M-  Burr,  J.  ^  ‘ 

(1.  ().  Burr  an.l  M.  M-  Burr,  J.  H>oL  (  hem.  86.  .>S7  (l.)40). 
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tion,  extended  gestation,  imjiaired  lactation,  and  jiroduction  of  weak  and 
defective  young. 

Male  rats  on  this  deficiency  show  degenerative  changes  in  the  testes, 
with  jioor  growth  and  develojiment  of  the  animals  as  a  whole.  It  is  thought 
that  fatty  acid  deficiency  may  result  in  inadeciuate  production  of  sex  hor¬ 
mones.  The  fatty  acids  in  (luestion  are  linoleic,  linolenic,  and  arachidonic 
acids  which,  according  to  Shoenheimer  and  Rittenherg,'^®^  are  not  synthe¬ 
sized  in  the  hotly.  Other  tissue  changes  induced  by  deficiency  of  these 
elements  include  hyperkeratosis  of  the  skin  and  damage  to  the  tubular 
epithelium  of  the  kidney. 


Ramalingaswami  and  Sinclair'"’'’  found  that  deficiency  of  essential  fatty 
acids  in  rats  was  characterized  by  failure  of  growth  and  by  lesions  of  the  skin 
and  muco-cutaneous  junctions,  ddie  changes  in  the  lips,  the  angles  of  the 
mouth,  and  in  the  jiaws  were  similar  to  those  found  in  pyrido.xine  defi(*iency. 
They  also  lound  a  similarity  in  the  two  defi(*iencies  in  the  elevation  of  the 
erythrocyte  count  and  the  reduction  of  the  mean  coipuscular  \'olume, 
though  these  changes  were  less  in  essential  fatty  acid  deficiency.  In  the 
lungs  in  the  fatty  acid  deficiency  there  was  accumulation  of  large  foamy 
phago(}tic  cells  which  resemble  “heart  failure”  cells  in  certain  respects. 
As  mentioned  before,  these  authors  feeb"  that  the  condition  of  “phryno- 
deima  described  by  Xicholls  resembles  fatty  acid  deficiency  moi’e  than  it 
does  vitamin  .\  deficiency  (see  Figs.  84  and  85). 

Adendum:  1  itamin  C.  d  here  is  an  absence  of  extra-cellular  met achromat  ic 

substances  in  scorbutic  wounds  but  these  appear  b  hours  after  injection  of 
vitamin  However,  increased  glycoproteins  have  been  recorded  in 

scorbutic  ground  substance  (which  is  also  said  to  be  depolymerized.’o^ 
Recemt  studies^'"*  have  shown  a  general  increase  in  miicopolysai'charides  in 
scoilmlic  sv.hsUinco,  Ihp  laltor  hri„K  i„  a„  pl.vainil  con- 

<  itK.n,  riio  ™ter-l),„<li„K  ,.apanl,v  „f  11, e  ski,,  was  ianoasacl.  1,,'  w„un<l,s  a 
>  ^wil(t-S(,lnl)lc,  p(’i-i<,(li('-Schitl-positivo,  noii-motarliromal i(‘ 

h  •«  '  f  «<'l.sta,.,.o  was  p.vsoat  i„  t  he  Hl„„- 

hlasts.  A.he„aloet(,m,v  agRTavaletl  the  seerin.tie  eo,„lili„„  l,„t  b„,h  e„fti- 

Ml hsla,  ,e.  Ma,iy  a.itliia-s  (see  ref.  404)  shmveil  that  ™rtis„„e  iiiieeticms 
««.iii‘rt  ive  t i.,»ue  el,anges  similar  seinwy  h,„  , hese  Ire  ,  ^ 

vented  l,y  treatment  witi,  vitamin  C  (B„u,„e»i).  ‘ 


\  .  UainaluiKJiswaini  and  n.  AI  Sinclair  Nrii  /  v  ,  a-  r 
J.  It.  |-o„„ey  ,n„|  |).  .\,  /  i';/; 

I.  (iorsl.  anti  II  U  r'.  t  ,  ‘  61,  171  (l!)4!)). 

■"’Ml  II  l>o,*.  v  ‘  dAfa/.  85,  457  (11)40) 

o.  H.  I  oife.soii,  SiipplemeHl  2,  Acta  Sociel  /•  ■’ 

H.  Itounuo  Intenua.  /^c..  24!’ im  tH)5p''" 
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Plate  I 

Fig.  1.  Antoroposterior  section  of  the  retina  of  a  control  rat. 

Fig.  2.  Anteroposterior  section  of  the  retina  in  a  vitamin  A-deficient  rat,  showing 
marked  reduction  in  thickness  and  i)oor  staining  of  rod  and  cone  layer. 

Fig  3  Transverse  section  of  the  ujiper  third  of  the  tibia  of  a  rat  receiving  excess 
vitamin  A  (125t)  l.U.  of  vitamin  A  daily  from  21st  to  2Sth  day  of  age).  Resorption  of 
cortex  externallv,  and  nevvlv  formed,  partly  calcified  bone  deposited  internally. 

Fig.  4.  Ibidersurface  of  the  brain  of  a  normal  young  puppy  to  show  optic  nerves. 
Fig  5  Undersurface  of  the  brain  of  a  vitamin  A-deficient  puppy  (litter  mate)_ 
Note  the  tortuositv  of  optic  nerves  in  the  orbit,  also  compression  deforniitms  of 
cerebrum  and  cerebellum.  The  tortuous  optic  tract  is  evidence  <)f  failure  of  dimen¬ 
sional  increase  of  the  long  bony  orbit  in  a  region  which  excludes  deformation  b> 

"TirrLuiig'of  a  vitamin  A-deficient  rat,  showing  focal  leplacement  of  the  codum- 
nar  ciliated  epithelium  of  bronchus  by  stratified  keratinizing  epithelium,  and  infiltia- 

fZZ.a  fe,nu.  ....r  n,e,  .list.l  epi,. Lysis  of  a  rat  alnch  receive.!  ,2«)  l.U. 
,,er  gram  of  pure  vitamin  A  for  7  days,  following  weaning  at  21  days  of  age. 

Fi(’  S  Fore-stomach  of  a  normal  rat.  Note  normal  squamous  kera  inizing  ei 

circlar  an.l  lunait  u.linal  layers  of  tl.e  severe  cpitl.elial  hvper- 

musculans  mucosae  \s  nnhioken.  rc  u  vVolbach  and  the  o/ /imie 

Figures  3,  4,  5,  and  7  i.e  by  courtesy  of  lb  ^b^h  .  ^ 
anil  Joint  Siirgenj.  Pigures  1,  b,  S,  and  . 

Ramalingaswami. 
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Plate  II 

Fig.  10.  Proximal  opipliysis  of  the  tibia  of  a  normal  young  pu|)py. 

Fig.  11.  Proximal  epiphysis  of  the  til)ia  of  a  vitamin  A-deficient  i)uppy  (litter 
mate).  Note  reduction  of  bony  trabeculae  due  to  resorption  and  disorganization  of 
cartilage  plate. 

Fi(i.  12.  Bladder  of  a  control  rat,  showing  normal  transitional  ejiit helium  and 
well-developetl  muscularis  coat. 

Fig.  13.  Bladder  of  a  vitamin  A-deficient  rat,  showing  marked  keratinization  and 
increase  in  thickness  of  epithelium,  with  proliferation  of  subeiiithelial  connective 

tissue  and  degeneration  of  muscle  layers. 

Fig.  14.  Section  through  the  heart  of  a  young  rat  whose  mother  was  dehcient  m 

vitamin  A.  Note  failure  of  seiiaration  of  the  two  ventricles. 

Fig  15  a  section  through  the  body  of  a  normal  newborn  rat  to  show  normal 
kidnevs.  b  and  c,  section  through  the  liodies  of  newborn  rats  from  a  vitamm  A-deh- 
cient  mother.  Note  failure  of  pelvis  to  open  in  both  kidneys  in  b,  and  joining  of  )0  i 

to  form  a  single  horseshoe-shaiied  kidney  in  c.  ,  ,  ,  ,  r 

Hgures  1(1  »i,<l  11  are  by  cintesy  af  S.  B.  Walbacb  an, I  (he  ./oarem/  »/  «oae  «a./ 
Jainl  Suriierii.  h'lKures  12  ami  IH  are  by  courtesy  ot  H,  M.  bincliiir  ami  \  .  R.inialiiiita 
swami.  Figures  14  and  15  are  by  courtesy  of  .1.  Warkany. 
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Plate  III 

Fkj.  16.  Portion  of  the  auricular  myocardiuiu  of  a  vitamin  Bi-deficient  i)i{?.  Note 
diffuse  infiltration  with  leucocytes,  mostly  mononuclears.  Some  fibers  show  necrosis. 
Fic.  17.  Ventricular  myocardium  of  a  pig  on  a  vitamin  B, -deficient  diet  for  246 

(lavs.  Fibrous  scar  tissue  (stained  black)  is  ai)parent. 

Fig  18  Liver  of  a  rat  suffering  from  choline  deficiency  (low-iirotem,  high-tat 
diet)  Note  extensive  fattv  infiltration  of  cells.  Fibrous  tissue  has  developed  which 
divides  organ  up  into  loluiles  which  bear  little  relation  to  the  normal  anatomical 

lobular  arrangement.  4  r 

Fig  19  Cortex  of  kidnev  from  a  weanling  rat  on  a  choline-dehcient  diet  for  .  d.  >  . 

locreaseil' thickening  of  capsule  and  a  focus  of  necrotic  tubules  beneath  (^-apsule. 
Figs.  20,  21,  and  22.  Sections  through  the  head  of  a  fetal  rat  ol  a  lobe  acid-de  cien 

mother  Distortion  and  deorientation  of  optic  cups  may  be  seen 

iMKUres  10  17,  IS,  and  HI  are  tr.,n.  “The  Pathoh.By  .,t  Milr.lioi.al  D.saees  h> 
li.  II  l''<,llis,liyeourlesy<>f  It.  II.  l-..llis  ami  Hlackaell  Sc.entihc  I’uhlicalioaa.  higuies 

20,  21,  and  22  are  by  courtesy  of  A.  (iiroud. 
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Plate  IV' 

Fig  23  Section  of  the  leg  of  a  newborn  rat  from  a  riboflavin-deficient  mother. 
The  tibia  is  shortened  as  a  result  of  reduction  of  the  osseus  part;  cartilaginous  ends 
are  of  normal  length.  Lines  of  ossification  are  irregular,  and  large  cartilaginous  islands 
are  present  in  the  metaphysis. 

Fig.  24.  A  small,  completely  cartilaginous  tibia  in  the  leg  of  a  newborn  rat  from 
a  rilioflavin-deficient  mother. 

‘  Fig  25  Focus  of  ossification  in  the  cartilage  of  the  tibia  of  a  newborn  nit  from  a 
riboflavin-deficient  mother.  The  focus  is  (luite  abnormal  in  position.  It  is  situated  in 
‘I  lateral  bulge  of  the  tibia  and  is  covered  by  a  thin  shell  or  bone. 

Fic  ‘>6  Section  through  the  haml  of  a  newborn  rat  from  a  nboflavin-deficien 
mother.  The  skeletal  elements  of  the  central  digits  are  seen  to  be  fused  into  a  broai 

tiPitp  of  cartilage  and  normal  articulations  are  missing. 

tnlon  „,r..u.h  ...o  lower  arm  m..,  forefoot  of  a  newl.oro  -  - 

Havinoleficient  mother.  The  skeleton  of  the  l.ami  ,s  .ahnormal,  an.l  a  (arlthtB. 

. .  mt  „f  .t  rih„«avin.„eh. 

cient  mother.  r  i  r*  ,,.,i.,in  in  newborn  rats  from  ribo- 

FiG.  28.  aXotice  the  varying  degrees  of  cleft  iialate  in  neiMiorn 

flavin-deficient  mothers.  *  i  w  Warkanv  Figures  20,  27,  and 

Figures  23,  24,  25,  and  26a  are  by  courtesy  of  .1.  W  •  W  arkan>  .Mg 

28  are  by  courtesy  of  .\.  Giroud. 
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Plate  V 

P'lG.  29.  Sploeii  of  u  pj'ridoxine-defioicnt  pis  treated  with  pyridoxiiie.  Animal  had 

been  anemic.  .  . 

Fig.  30.  Spleen  of  a  pyridoxine-deficient  pis-  Reduction  of  red  jiulp  and  deposition 
of  hemosiderin  in  pulp  cajisule  and  trabeculae,  .\nimal  was  suffering  from  severe 
microcvtic  anemia. 

Fig.  31 .  Sciatic  nerve  from  a  pyridoxine-deficient  pig,  showing  extensive  degenera¬ 
tion  of  myelin  sheaths. 

F'ig.  32.  Sciatic  nerve  from  a  pyridoxine-deficient  pig,  showing  degeneration  and 

fragmentation  of  axis  cylinder. 

Fig.  33.  Skin  from  the  dorsum  of  the  hind-iiaw  of  a  normal  rat. 

Fig.  34.  Skin  from  the  dorsum  of  the  hind-paw  of  a  jiyridoxine-deficient  rat,  show¬ 
ing  severe  hyperkeratosis  and  acanthosis  of  epidermis  with  vascular  proliferation  and 
midcellular  infiltration  of  the  corium.  Note  waviness  of  the  epidermis  and  the  nuclear 

remnant  in  the  stratum  corneum.  ,  •  i  „ 

Fig.  35.  Cutaneous  side  of  the  vestibule  of  the  nose  of  a  control  rat,  showing  large, 

"“l-u-  36"cut'!u!eou«  si.le  ,.f  ll.c  vestil.ule  of  ll.e  lu.so  <,f  o  ,,yri,loxi,,e.,loficient  rat 
sliorvins  niarkcl  surface  liyperkeratosis  au.l  acanlliosis  ol  tl.e  epulermis.  acuolat. 

of  orickle  cell  laver  can  be  seen  in  some  iilaces. 

^  Fig  37  Liver  of  a  pyridoxine-deficient  pig.  Extensive  fatty  inhltration  of  cent  , 
nortions  of  liver  lobules  and  deposition  of  hemosiderin  in  the  periphery 
’  F  3S  Tn  nsverse  section  through  the  lumbar  region  of  the  spinid  cord  of 
pyn.loxit-,lficien,  pig^  Tkcre  is  obvious  .lesenerat  iou  of  the  .lorsal  columns.  Note 

■iltjo  mveliii  degeiieratioii  of  the  dorsal  roots.  ,  ■  r'oiia  -irc 

F,"  SKm  Cells  of  .lorsal  roof  BauBlion  fron,  a  pyri.loxu.e-.lehc.cnt  p,s.  Cells  are 

shrunken,  and  ^,,,,1  •'The  Pathology  of  Nutritional 

iMgures  2.),  30,  31,  32,  .U,  ,  FollisandBlackwellHcientificPublica- 

I)iseases;M.yH.  lL  lM>ll^  courtesy  of‘v.  Ramalingaswami  ami  11.  M. 

tions.  Figures  33,  34,  oo,  ami  oo  an 

Sinclair. 
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Plate  VI 


P'lG.  39.  Fiiilure  of  the  development  of  the  eye  in  the  fetal  rat  on  tlie  left  (from  a 
pantothenic  acid-deficient  mother).  Compare  witli  the  normal  eye  in  the  ietus  on 

the  rig;ht .  ,  ■  ■  i 

Fig.  40.  Two  ahcesses  in  the  lymphoid  follicle  in  the  colon  of  a  pantothenic  acid- 

deticient  pig.  . 

Fig.  41.  Beginning  of  ulceration  in  the  colon  of  a  iiantothenic  acid-dehcient  jug. 


C'ystic  glands  mav  he  seen  in  the  mucosa. 

'  Fig.  42.  Dorsal  root  ganglion  of  a  pantothenic  acid-deficient  pig.  Note  beginnings 

of  chromatolysis  in  bottom  right  cell.  .  ,  i 

Fig  43  \drenal  gland  of  a  jiantothenic  acid-deficient  rat.  Zona  glomerulosa  and 
outer  zona  fasciculata  are  normal.  Inner  fasciculata  and  outer  reticularis  show  a 
focus  of  necrosis.  Inner  iiart  of  zona  reticularis  appears  normal. 

Fig  44  Section  through  the  head  of  the  embryo  of  a  rat  on  a  pantothenic  acid- 
deficient  diet.  There  is  a  failure  of  the  bones  of  the  vault  of  the  cranium  to  develop 
and  a  condition  known  as  “exencei.haly”  has  resulted.  The  brain  is  surroumled 

bv  skin  and  brain  membranes  only.  ,  i. 

'  45.  Fetuses  frum  a  pantut l.enic  aei.l-iiefieient  rat.  I  I.ey  shew  e.lema,  anoph- 

thalmia,  and  e.xericephaly.  la  ...-o  fivwn  ‘  The 

Figures  39  44,  and  45  are  by  courtesy  of  A.  (hroud.  I-igures  40  43  a  e  f  om  ihe 
Pathology  of’xutritional  Diseases”  by  courtesy  of  H.  H.  Pollis  and  Black^^e  .ci 

entific  Publications. 
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1’late  VII 

P'lG.  46.  Skin  wound  in  a  normal  guinea  pig,  after  1  week’s  healing. 

h'lG.  47.  Skin  wound  in  a  scorbutic  guinea  pig,  after  1  week’s  healing.  Note  paler 
staining,  particularly  of  connective  tissue,  which  is  edematous.  Note  also  absence  of 
scar  tissue.  Although  the  epithelium  has  grown  across  the  wound,  beneath  it  the 
edges  are  separated  by  a  space. 

Fig.  48.  Fibrous  tissue  of  a  scar  of  an  animal  receiving  1  mg.  of  vitamin  C  daily, 
after  healing  for  1  week,  stained  to  demonstrate  reticulin.  Note  that  all  fibers  of  the 


scar  are  in  the  reticular  condition. 

P'lG.  49.  Keticulin  preparation  of  a  skin  wound  in  a  guinea  pig  receiving  2  mg.  of 
vitamin  C  daily,  after  healing  for  1  week.  Note  equal  intensity  of  reaction  by  scar 

tissue  and  surrounding  mature  connective  tissue.  .  r 

h'lG.  50.  Scar  of  a  guinea  jiig  receiving  2  mg.  of  vitamin  C  daily,  after  healing  for 
1  week  Note  great  reduction  in  number  of  reticulin  fibers.  (Compare  fig.  48) 

Fig.  51.  Degenerated  muscle  fibers  of  the  leg  in  a  guinea  pig  suffering  from  partial 
vitamin  C  deficiency.  Empty  sarcolemmal  envelopes  can  be  seen  containing  wander¬ 
ing  cells  (near  site  of  bone  injury).  . 

Fig.  52.  Note  the  loss  of  cross  striations  and  degeneration  of  muscle  fibers  in  ; 

iriiinea  nie:  suffering  from  vitamin  C  deficiency.  .  * 

Fig  53  Tendino-muscular  attachment  in  a  vitamin  C-deficient  guinea  pig.  .  o  e 
retraction  of  sarcoplnsm  from  resion  of  attacim.oiit,  Iraving  muscle  fibers  iittaolieil 


by  emptv  sarcolemmal  tubes.  . 

‘  Fig.  54.  An  artery  in  a  vitamin  C-deficient  guinea  pig  near  the  site  of  a  bone 

iniurv  Note  vaccuolation  of  endothelium.  . 

Fig  55.  An  arterv  in  a  vitamin  C-deficient  guinea  pig,  showing  vacuolation 

both  endothelium  and  connective  the 

Figures  51,  54,  and  55  are  by  cour  (s\  o  .  ’  '  ‘  e  ,,  y  Hoyle  )  T  Irving, 
Journal  of  Anatomy.  Figures  52  and  53  are  by  courtesy  of  1  .  E  Bovle,  .1.1.  S. 

and  the  lioceedinys  of  (he  Societn  for  Experimental  Biology  and  Medicine. 


STRUCTURAL  CHANGES  IN  VITAMIN  DEFICIENCA' 


121 


122 


GEOFFREY  H.  BOURNE 


Tlate  VIII 

Fig.  56.  (^ostocliuiulral  junction  of  a  normal  I>>K>  stained  to  demonstrate 

bone.  Note  numerous  bony  trabeculae.  /I,  cartilaginous  part  ot  rib.  B,  line  of  bone 
formation.  C,  trabeculae.  I),  cortex  of  bony  part  of  rib. 

Fig.  57.  Costochondral  junction  from  a  scorbutic  guinea  jiig.  Note  great  reduction 
of  trabeculae.  .1,  cartilaginous  part  of  rib.  B,  line  of  abortive  calcification.  C,  con¬ 
tinuous  line  of  bone  at  junction.  I),  trabeculae.  E,  cortex  of  bony  iiart  of  rib. 

Fig.  5S.  Phosphatase  preparation  of  the  costochondral  junction  of  a  normal  guinea 
pig.  Note  broad  band  of  phosphatase  activity  at  junction  continuous  with  that  of 
periosteum.  .1,  phosphatase  band.  B,  idiosphalase-active  periosteum.  C,  iihospha- 
tase-active  bone  marrow.  A  slight  spurious  reaction  is  given  by  the  cartilaginous 

iiart  of  the  rib.  .  i  *• 

Fig.  51).  Costochondral  junction  of  a  scorbutic  guinea  pig.  Note  great  reiluctioii 

of  thickness  of  phosphatase  band  at  junction.  Reaction  in  bone  marrow  apiiears 
undiminished.  This  is  in  keeping  with  other  experiments  which  showed,  judged  b\ 
histochemical  reactions,  that  scurvy  did  not  affect  phosphatase  activity  o  so 
tissues.  A,  cartilaginous  part  of  rib.  B,  line  of  phosiihatase  at  junction,  t  ,  muscle. 

Fu;s!6(rCb  Effects  of  graded  doses  of  vitamin  C  on  the  response  of  the  periosteum 

of  truinea  pig  femur  to  an  injury  inflicted  1  week  iireviously. 

60  Sc.rhuti..  Sc.iccly  ,u,y  rea.ti,,.,  by  cellular  layar  „f  „..r,os,<.u,a 

•ind  tearilui  of  fibrous  laver.  A ,  cellular  layer.  B,  fibrous  layer. 

Fig'  61  \nimal  receiving  0.25  mg.  of  vitamin  C  daily.  Note  greater  t  iic  'iiess  o 
cellar  llv^  of  periosteum,  indicating  greater  cell  multiplication.  A,  cellular  la>ei 

C:  .laily.  Note  a-a,  .biakness  „( 
cellular  layer  ot  periosteum  ami  I.eKu.niogof  formalioi.  <0  bony  Irabecilae,  .1,  .lour 

'"yH::'6rAriZrr";lr;r2tr  "»»>•.  No,e  soH,I  1.0, trabeeula.. 

‘•'i.,';r:r:'ui-.on!“l;oieurthffe:m^  i«. ' 

Note  complete  absence  of  any  repair  activity.  2  mg.  of  vitamin  C 

intensely  phosphatase-positive  bony  ^f.  Fig.  6S. 

Fig.  66.  Transverse  section  of  the  ■  Krontal  section  of  the 

Fig  67.  From  a  partially  vitamin  f,..i,.tiire 'ind  new  siibiieriosteal 

proximal  end  of  the  fibuiar 

bone  developing  in  a  widened  cam  m  ,  p  jruinea  pig.  Transverse  section  of 

Fig.  6S.  From  a  partially  vitamin  C-defunn  ^  ^a 

tibia  showing  great  siibiieriosteal  thickening  am  1  ^  Ko.licek,  and  the 

re  117  ond  are  bv  courtesy  oi  •  •  *  ■ 

Figures  66,  6i,  ami  oc  aii. 

Journal  of  Aualotnij. 
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Pl.ATE  IX 

Fig  69  Costochoiulral  junction  from  u  l9-montlis-old  vvliite  baby  showiiifr  heiilei 
rickets  The  junction  is  normal  except  that  the  zone  ol  hypertrophic  iircihferativ 

'"r;' 7i%tftoch„n.lr„l  iunc.i<m  of  an 

rickets.  Note  eatremo  snellins  of  junction  ainl  complete  .hsorBiunzation  <  u 

'"'Cer6fl!‘‘7;‘‘;;:K"tre''Lm  “T,.e  ,.ati,o,...y  of  Nutritional  Uiseases"  i.y 
courtesy  of  It.  II.  KoMis  tm.l  Hlackcvcll  Scienl.f.c  I  uhl.cations. 
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Plate  X 

Fuj.  72.  Testis  of  a  vitamin  E-defieient  rat,  showing  almost  complete  loss  of 
spermat ogenic  elements.  Note  persistence  of  interstitial  cells  of  Leydig. 

Fig.  73.  Section  through  the  placenta  and  fetus  from  a  normal  female  rat  at  16th 


(lav. 

Fig.  74.  Section  through  the  placentaand  foetusfrom  a  vitamin  E-deficient female 
at  16th  day.  Note  retluction  in  size  of  jilacenta.  hoetus  is  dead  and  undergoing  exten¬ 
sive  autolytic  changes. 

Fig.  75.  Portion  of  the  myocardium  of  a  rat  on  a  vitamin  E-deficient  diet  for  more 
than  a  year.  Note  loss  of  myocardial  fibers,  round-cell  infiltration,  and  fibrosis. 

Fig.  76.  Striated  muscle  from  a  vitamin  E-deficient  hamster.  Note  destruction 
of  muscle  fibers,  cellular  infiltration,  and  sarcolemmal  proliferation. 

Fig.  77.  Para-ovarial  fat  from  a  vitamin  E-deficient  rat  fed  a  high  cod-liver  oil 

diet  showing  accumulation  of  iiigment-containing  celts. 

Fig  78  Section  through  striated  muscle  from  a  vitamin  E-defic.ent  mouse  receiv- 
i„g  a  high  port  ion  of  cocl-liver  oil  in  ils  .liel ,  Note  talc.fin.l  area  surroundo.l  hy 
proliferation  of  sarcolemmal  nuclei  within  a  necrotic  muscle  liher. 

Fin  7h  Two  necrotic  striated  muscle  fibers  from  a  mouse  receiving  .  ^ 

treatment  as  that  in  Fig.  78.  Note  loss  of  striatioi.s,  clumping  of  sarcoplasm,  and 

Di'oliferation  of  sarcolemmal  nuclei.  .  .  , 

Fig  so  dross  section  of  striated  muscle  fibers  from  a  young  mouse  receiving  the 

same  treatment  as  that  in  Fig.  78.  Note  enlarged  sarcolemmal  nuclei  and  degeneia  mg 
muscle  fibers  with  centrallv  placed  nuclei  among  normal  muscle  fibers. 

vl  81  Portion  of  a  cervical  section  of  the  spinal  cor.l  ol  a  normal  rat,  shovMiig 

":me;ortion  of  the  spinal  cor.l  ..f  a  rat  ..n  a  vitamin  E-deficient,  high-fat 

■“''Fim  8^  Sb ablm:"::;' ;:“f»i  w j':, 

ficiencv.  Note  plugging  of  hair  follicle  with  dense  concentiica  >  ariange.  r  > 
keratin  great Iv  enlarged  and  iilump  sebaceous  glands. 

weeks  of  deficiency,  showing  Ind  Blackwell  Scientific 

K.  M.  Mil....  Ch  F.  T..bi.i  I»,d  ;  f  ^  Figures  83-85  are  by 

rn.irtesv  of  K.  E.  Mason  and  the  Ann.  en  i 
courtesy  of  V.  Ramalingaswami,  and  H.  M- 
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Microbiology  of  Digestion 
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II. 
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IV. 


D.  r.  CUTIIBKHTSON  and  .\.  T.  PIIILLIPSON 
Kowctt  Research  Institute,  Aherdeen,  Scotland 


Introduction . 

The  “Germ-Free”  State  .  /  Gp  , 

The  histalilishment  of  the  Microbial  Population  in  the  Alimentary  liact 

1.  In  Human  Infants . 

2.  In  Ruminants . 

3.  In  Chickens . 

Protozoans  and  the  Host . 

1.  Flagellates  in  Termites . 
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3.  Fermentation  of  Starch . 
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5.  Fermentation  of  Pectins 
\T.  The  Results  of  Microbial  Digestion 

VII.  The  Fate  of  Alimentary  Microorganisms 
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primitive  nr.ani.sms  in  tl.en-  mirro- 

.idered  nnrmal.  Tl.e  "'‘‘'I' f:”'  „.e  alimentary 

irganisms  is  nnaoul.tedly  'nietelnre,  in  censiderins  the  role  ni 

tract  and  the  tood  eaten  by  i  ^  ,J,,^t  reneatedlv  be  made  t<» 

microorgatiisms  in  a  partienlar  lufcl,  '''  ‘‘'  ‘"tpu  |  ^  i|,  is  niuleratand- 

ll,e  pliysieal  anil  ehemieal  state  i.l  the  ^  ,„,,i,s  should 

ahle  that,  dilTerent  spe.-ies  ot  des.  dd.e 

possess  fauna  and  flora  that  may  le  o  lai.n  <i  s  |  j  ,1,,,  environ¬ 

ing  habits,  however,  may  not  he  the  only  iaeto,  eomeine 
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ment  iirovided  liy  the  host  may  in  itself  also  iiiflueiice  the  character  of  the 
alimentary  microorganisms. 

In  the  higher  organisms  the  caecum  and  the  colon  are  the  common  sites 
of  microbial  digestion,  but  in  ruminants  in  particular,  and  to  a  less  extent 
in  certain  other  animals  such  as  the  hippopotamus  and  kangaroo,  the 
stomach  is  .so  enlarged  that  additional  provision  is  made  for  the  temporary 
retention  of  large  (luantities  of  coarse  filirous  foodstuffs. 

In  the  ruminant,  food  passes  slowly  from  the  rumen  and  reticulum 
through  the  omasum  to  the  abomasum,  and  it  is  not  until  it  reaches  this 
organ  that  it  comes  into  contact  with  gastric  juice.  The  rumen  and  the 
reticulum  provide  an  ideal  environment  for  microorganisms,  and  saliva 
from  the  parotid  glands  is  constantly  secreted,  thus  forming  a  slightly 
alkaline  bicarbonate  ])hos])hate  buffer  in  the  forepart  of  the  stomach  sys¬ 
tem.  As  the  food  enters  the  rumen  fii’st,  the  substrates  available  to  the 
organisms  living  in  this  organ  are  plentiful.  The  characters  of  the  popula¬ 
tion  ot  the  caecum  and  colon  differ  from  those  of  the  rumen  because  only 
those  organisms  that  can  survive  the  environment  of  the  abomasum  and 
small  intestines  can  establish  themselves  in  the  large  gut.  Similarly,  since 
easily  available  substrates  may  wholly  or  partially  disappear  as  the  food 
residues  pass  to  the  large  intestine,  the  density  of  the  popvdation  is  likely 
to  be  less  there  than  in  the  rumen. 

1  he  relative  importance  ol  the  capacity  of  the  caecum  and  colon  varies 
with  the  species;  thus  the  greatest  relative  capacity  of  the  caecum  and 
colon  is  found  in  true  non-ruminating  herbivores  such  as  the  horse,  the 
labbit,  and  the  koala  bear.  1  hese  animals  possess  the  necessary  capacity 
in  their  large  intestine  to  allow  microbial  decomposition  of  bulky  vegetable 
residues  to  take  place. 

1  he  large  gut  is  relatively  smaller  in  omnivores,  but  even  so,  as  in  the 
pig,  the  rat,  and  man  and  other  primates,  the  capacity  is  sufficient  to  make 
microbial  digestion  on  a  significant  scale  possible.  Only  in  the  true  car¬ 
nivores  is  the  relative  size  of  the  caecum  and  colon  so  small  that  any  mi¬ 
crobial  activity  that  occurs  is  iiuantitatively  unimportant  compared  to  the 
action  of  the  digestive  juices  of  the  stomach  and  the  small  intestine. 

.  o  systematic  account  of  the  biosynthesis  of  vitamins  or  their  utilization 

muTOorganisms  „f  the  ahmentai'y  tract  will  l,c  give..  Iieie,  as  this  sahject 
IS  dealt  with  m  C  hapter  <).  ^ 

1  he  large  heat  increment  of  the  ruminant  which  occurs  after  eatimr  nviv 
he  wasteft.l  In.-  tl.e  at.imal  lias  little  „r  ..„  control  over  this  nor  ion  of  t'he 
calonhc  v.Ut,e  of  its  footl.  Thus  the  SDA  i..  a  carnivore  is  cWelirclue  to 
the  heat  l.heraled  ...  deaniinating  tl.e  surplus  amino  .icids  ieaulti..g  f.-om 
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ill  cold  weather  or  to  an  animal  on  a  maintenance  ration,  this  heat  may  he 
a  burden  in  a  heavy  yielder  in  a  warmer  climate. 

II.  The  “Germ-Free”  State 

Pasteur’s  remark  in  1885^  that  the  presence  of  bacteria  in  the  alimentary 
tract  might  be  an  essential  condition  for  normal  life  prompted  Xuttall  and 
Thierfelder-  to  attempt  to  rear  guinea  pigs  delivered  at  full  term  by  Caesar¬ 
ian  section  under  sterile  or  “germ-free”  conditions.  Some  of  the.se  guinea 
liigs  lived  for  13  days  with  an  alimentary  tract  from  which  no  bacteria 
could  be  isolated  by  cultural  means  at  post-mortem  examination.  Since 
then  several  other  investigations  on  similar  lines  have  been  made  and 
greater  success  has  been  achieved  as  knowledge  on  the  nutritional  leiiuiie- 
ments,  particularly  of  H  vitamins,  has  increased.  Kiister^  experimented  with 
goats;’ Cohendy  and  WollmaiP  and  CdimstedC  with  guinea  pigs;  Balzam® 
with  chickens:  and  all  these  experiments  suggest  that,  provided  the  diet  is 
adeipiate,  the  presence  of  bacteria  is  not  es.sential  for  life. 

Recently  a  study  of  the  germ-free  state  has  been  undertaken  on  a  grand 
scale  by  Revniers  and  his  colleagues.^  - «  A  techniiiue  for  rearing  germ-free 
animals  has  been  developed  and  used  to  rai.se  guinea  pigs,  rats,  and  chickens 
to  maturity. “  Chickens  present  fewer  difficulties  than  mammals  as  they 
have  no  .suckling  period.  Most  of  the  difficulties  encountered  in  reiirmg 
germ-free  rats  are  in  feeding  the  newly  delivered  full-term  rat  ings  by  hand. 
Under  these  conditions  germ-free  ratlings  do  not  grow  so  well  as  noima  y 
suckled  rats  and  there  is  (piite  a  substantial  death  rate.  A 
the  anatomical  development  of  germ-free  and  normal  rats  ^ 

Ivmphatic  sy.stem  is  less  developed  in  the  germ-tree  annnai  and  the  cae  n  i 

is  often  enlarged.  In  germ-free  chickens  the 

testines  and  the  caecum  are  smaller  than  in  control  birds,  llistcdo  ua 
in  the  iiite.stine  this  .seems  to  be  due  to  a  decrease  of  the  lymphoid  tissi  , 

narticularly  in  the  caudal  parts,  dlie  thymus  is  enlarged. 

vilal^s  of  some  B  vitamins  in  the  caeca  of  germ-free  and  con  rc  bud. 

rfunved  il,at  tl.e.e  was  as  nna-h  rihotlavn,.  niari,.. 

i„  the  germ-ftce  hii.ls  as  in  the  .■ontrols,  and  a,,preeKd.le  ,|Uant,tKS 

1  L.  I’asteur,  Compt.  rend.  100,  OS  (1SS5).  (ISUi^lStm). 

^G.  II.  F.  Nuttall  an.l  lb  Thiorfelder,  /.  phu^wl .  (  hnn.  21,  lU.  G 

3K.  Kilstor,  Arb.  Reichs(iesun<lh .  48,  1 

4  M.  CJohondv  and  K.  Wolhnan,  Compt  ^  ‘ 

^G.  Glimstedt,  Skand.  Arch.  Pln,sio  .  73  4S 

6N.  Balzam,  Ann.  phi/sud.  ^  ^  Indiana  (Novein- 

GJ. lioyuWrs,  Lohund  Repts.  1,  Unmnsilx  of  Not.e  ll..n(, 

.  'htynlcrs,  Hepis.  2.  mivorsi.y  „f  N-.-  Dan.e,  tn.llaaa  (Kolauarv, 

.  A^Ueyniers,  /Va.  .V.  V.  .SVata  .taaac.  Pat,.  ,U.W.  28,  »  ..-..40). 
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acid,  vitamin  l^i2,  and  vitamin  C  were  presentd'^  This  shows  that  a  concen¬ 
tration  of  vitamins  in  the  alimentary  tract  may  not  be  due  solely  to  micro¬ 
organisms.  In  addition,  Liickey^^  has  found  that  germ-free  chicks  main¬ 
tained  on  a  ration  deficient  in  niacin,  biotin,  pantothenic  acid,  and  folic 
acid  excrete  more  of  these  factors  in  their  feces  than  do  normally  infected 
controls. 

These  studies  show  that  germ-free  existence  is  possible.  In  addition  they 
throw  fresh  light  on  the  (juestion  of  intestinal  synthesis  of  II  vitamins,  for 
the  concentration  of  B  vitamins  in  the  gut  does  not  necessarily  imply  bac¬ 
terial  synthesis. 


III.  The  Establishment  of  the  Microbial  Population  in  the  Alimentary  Tract 

1.  In  IIum.vn  Infants 

At  birth  there  are  no  organisms  in  the  intestinal  tract  unless  there  has 
been  a  small  degree  ol  prenatal  contamination,  possibly  from  the  vagina. 
1  he  meconium  is  sterile  or  virtually  .so.  Organisms  ajipear  in  the  feces  within 
24  to  28  hr.,  the  type  of  microfiora  depending  on  whether  the  child  is  lireast- 
led  or  artificially  led.  In  the  breast-led  child  the  predominant  organism  in 
the  feces  is  the  C»ram-positive  Lactobacillus  bijldus,  which  is  present  in 
almost  pure  culture  (Ti.s.sier'^  and  Cfi’uickshankiT.  There  are  a  few  entero¬ 
cocci  and  Oram-negative  coliform  bacilli.  The  pH  of  the  feces  is  on  the  acid 
side  of  neutrality.  In  the  artificially  fed  infant  infants  fed  on  cow’s  milk 
preparations— the  lecal  flora  is  heterogeneous  and  consists  of  a  mixture  of 
Cram-positive  ami  Cram-neKative  organisms.  ViRlei'  sueli  eirfumstaiioes 
the  pll  oi  tlie  tece.s  is  invariably  on  the  alkaline  side. 

■I'he  establishment  of  a  la<-lobaeillary  flora  in  the  feces  of  the  breast-fed 
child  IS  generally  itscribed  to  the  greater  lactose  content  of  human  milk  as 
compared  with  cow’s  milk.  As  the  administration  of  lactose  and  the  estab- 
hshmeil  1,1  a  laclobacillary  flora  are  so  closely  related,  it  is  obviously  diffi¬ 
cult  to  , hsentangle  the  biological  l  ahie  of  the  former  from  that  of  the'latter 
Ihns  although  no  positive  evidence  of  tlie  nutritional  value  of  a  laido- 
laei  aiy  intestinal  flora  to  the  human  infant  is  available,  the  biological 
value  ol  lacto.se  has  been  stressed  by  c  arious  workers,  e  g  .larvis  h  m  ^e 
conviiiciiig  evidence  of  the  value  of  lae,„.se  is  alTor.led  Uy  IX!:, 

>'■  A.  (iordoii,  T,  a 

31  (19.50).  ’  ’  '  ‘Hid  C.  .1.  Campbell,  J.  Xutrition  41, 

12  u  a-'  l^ersonal  comnumicatioii,  1951 

H.  lissier,  La  Flore  Inte-stinale  des  Nourrisso 
Lruickfshank,  ref.  13. 

»  l!  24,  241  (1925). 

•  arvis,  .4m.  J.  Diseases  Children  40,  993  (1930). 


'•issoiis,  Paris,  1900,  quoted  by  l{. 
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ments2^’  .Johansson  and  Sai'les^^  (“laim  that  on  a  diet  with  lactose  there 
is  a  greater  synthesis  of  vitamins.  They  ([note  Hettger  and  Hoi’ton  as  having 
shown  that  laetohacilli  appear  in  the  stools  of  rats  which  are  ted  on  a 
vitamin  B-deticient  diet,  ddie  health  of  the  rats  was  maintained  hy  refection, 
and  it  was  suggested  that  the  laetohacilli  synthesized  the  deficient  vitamin 
B  complex. 

ddiese  findings,  taken  in  conjunction  with  the  modern  concept  of  the 
importance  of  the  pattern  of  the  normal  bacterial  flora  in  the  body  economy, 
might  suggest  that  the  lactobacillary  flora  of  the  breast-fed  infant  is  of 
intrinsic  value.  It  might  be  argued  that  it  would  synthesize  very  different 
nutrients  from  those  synthesized  by  the  heterogeneous  intestinal  flora  of 
the  artificially  fed  baby. 

Although  there  is  no  really  satisfying  investigation  concerning  the  local¬ 
ization  of  this  flora  in  the  intestinal  tract  of  breast-fed  infants,  the  investiga¬ 
tions  of  Barbero  et  using  double-lumen  Miller-Abbott  tubes,  have 

permitted  specimens  to  be  withdrawn  from  various  levels  of  the  intestine. 
In  general  the  duodenum  was  relatively  sterile,  but  bacteria,  mainly  enteio- 
cocci  were  found  in  the  jejunum  and  in  increasing  numbers  toward  the 
ileum.  There  was  marked  bacterial  proliferation  in  the  caecaim 
to  it  The  pH  reached  a  peak  of  7.0  to  8.0  in  the  (‘aecum  and  tended  to  tal 
i„  the  distal  poftien  of  the  .-..lon.  This  ehanRe  toward  '''f '‘j;  y:';'; 
level  was  more  itronmmee.l  in  hreast-fe,l  infants  than  n,  mlants  k<l  (o  s 
milk.  Lactohaallus  Idjiclus  was  never  cnltored  above  the  , 

was  nsnallv  enitured  in  the  laiRe  intestine  ol  both  hreast-kd  mlants  a.u 
infants  fed'  cow’s  milk.  The  flora  of  the  hreast-led  mlant  i-onsis  ed  of  me 

fXl’to  pbdnce  stooi;  with  an  acidity  and  bacterial  flora  similar  to  those 
of  breast-fed  infants. 


2.  In'  Kuminants 


The  microorKanisms  of  the  rumen  in 

caiv:  it^'are  rj;'!.:  iioiaiioi. 

-d  as  navin.  ro,i.h  . . .  alth„n.h 


I 


(Ivortrv  ./•  Pedidt.  40,  o  1041  (l')4S) 

„  '  x  Viiunaen  ami  J.  W,  Ihihs,  May  .S«,  1.  j  ,o.  ,049  0  95,). 

20  c.  N.  Huhtaneu,  R.  K.  Saun.lers,  and  b.  8.  (-all. 


121  (1932).  ...  13  25  (1949 

17  K.  R.  .Johansson  and  W.  ' ('rawfonl,  V.  K.  Torres,  and  !’• 

18  Cl  .J  itarliero,  C.  RvinS‘‘,  • 

tlvdi-KV,  ./.  re^lial.  40,  n|)52) 
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no  difference  in  weight  occurs.  Apparently  it  is  an  old  practice  in  Sweden 
to  use  “cud”  inoculations  for  the  treatment  of  “unthrifty”  beasts,  the  cuds 
being  obtained  from  different  areas  where  the  animals  are  normal.  Bacteri¬ 
ological  investigations^®  on  200  calves  and  200  adult  cattle  have  demon¬ 
strated  nine  organisms  that  are  characteristic  of  the  rumen  of  calves. 
These  seldom  occur  in  the  ruman  of  adult  cows,  although  two  types  are 
recognized  as  occurring  in  the  rumen  at  all  ages.  Adult  forms,  of  which  eleven 
have  been  investigated,  appear  in  the  rumen  as  early  as  2  months  after 
birth  and  increase  in  predominance  with  age.  The  common  bacteria  of  the 
rumen  of  calves  are  those  that  produce  lactic  acid  and  are  fast-growing  com¬ 
pared  to  adult  forms.  The  latter  produce  short-chain  fatty  acids.  Hay  or 
roughage  in  the  ration  appears  important  for  the  early  establishment  of  the 
normal  rumen  population  in  calves.  The  same  rumen  microorganisms  were 
established  in  calves  on  pasture  as  have  been  observed  in  calves  that  were 
fed  hay.  There  is  little  direct  evidence  that  rumen  inoculations  have  any 
influence  on  the  health  of  calves  over  and  above  the  beneficial  effects  that 
result  from  early  feeding  of  good  roughage.  Protozoans  and  organisms  asso¬ 
ciated  with  hay  ingestion  are  generally  absent  from  the  rumens  of  calves 
on  strictly  grain  rations.  Digestive  upsets  and  diarrhea  frequently  noted  in 
young  calves  are  apparently  prevented  as  effectively  by  hay  feeding  as  by 
rumen  inoculation. 22 

IMcCandless  and  Dye^*  have  studied  the  decrease  in  the  blood  sugar  that 
occurs  as  the  young  ruminant  develops,  and  they  compared  this  to  the 
known  facts  concerning  the  development  of  the  rumen  and  the  fermenta¬ 
tions  that  proceed  within  this  organ.  They  suggest  that  the  decrease  in 

blood  sugar  is  due  to  the  relative  increase  in  the  quantity  of  short-chain 
latty  acids  absorbed. 


o.  In  Chickens 


^ewly  hatched  chicks  harbor  very  few  bacteria,  l)ut  within  21  hr.  Shapiro 

h^f  ^  f  gas-producing  organisms 

ough  feeding  did  not  begin  until  they  were  24  hr.  old.  After  feeding 

feed  tT  increased  and  reached  a  peak  16  hr  after 

them  The  coLrdXd'pTogreTiTr'^^^ 

tcrococci  being  present  in  smaller  numbers.  B.  coif  L  fhe  dominrnt  00!!: 

2 1  WI  1>^. 1  _ 


;;  s.  K  Shapiro  ajd  T,  B.'  sXX'w'^S^  (.“oi  ''' 

S.  K.  Shapiro.  U,  A.  Uhocies,  and  W.  B.  Sarles,  T  Zc.  68.  689  (1949). 
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form  there.  Streptococcus  faecalis  was  also  present  in  relatively  large  numbers 
in  the  large  gut. 

IV.  Protozoans  and  the  Host 

Two  main  associations  will  be  discussed:  (1)  flagellates  in  termites  and 
(2)  ciliates  in  mammals. 

1.  Flagellates  in  Termites 

Interesting  observations  on  the  flagellate  populations  of  termites  provide 
evidence  of  the  relatively  enormous  numbers  which  may  be  found.  lor 
example  in  the  hind  gut  of  Zootermopsis  they  may  constitute  as  much  as  a 
third  of  the  weight  of  the  termite.  Despite  these  teeming  numbers  the  host 
remains  healthy.^®  A  wood-eating  cockroach  related  to  the  termite  has  been 

found  which  also  contains  numerous  protozoans.  .  ,  , 

So  far  no  significant  evidence  of  cellulose  digestion  by  ^^acteria  has  been 
fou.^  in  termftes  which  contain  protozoans,  and  Baldacci”  could  not  dem- 

nn^trate  cellulolytic  bacteria  in  defaunated  termites. 

the  lit  ohhe  available  evidence  Hungate-  considers  that  the  p  o^ 

,n  the  wood,  i"®  “  provides  a  fermentative  chamber,  and  through 

protozoans  as  small  particle  ,  p  n^vaen  tension  around  the  pro- 

its  own  oxygen  consumption  reduces  '  *?';“°„„ditions.  The  in- 

tozoans,  thus  aiding  in  L-meiited  bv  the  protozoans,  thus 

soluble  carbohydrates  are  digested  an  .  .gducts  notably  acetic 

providing  them  with  energy,  and  "  f  “  TnTl  is  enabled  to 
Lid,  are  absorbed  and  oxidized  by  the  „,t,bolic 

Sfuctlfle  p~oan?“e  gut  which  would  become  toxic  to  the 

It  is  possible  that  the  *  pr;ctodeal  feeding  provides  for  the 

be  a  source  of  nitrogen  foi  the  teim  •  permits  their  digestion, 

transmission  of  the  imd”  t‘:  —"l  llortance  ol 

but  quantitative  expeiim  •+  to  the  termite, 

proctodeal  feeding  m  terms  of  nitiog 

2  Ciliates  in  Mammals 

I  H  Kirbv  J  ParasiUtl-  26,  444  (1939). 

..  L.  I.  Katzin  ami  H  ,,te,  ref.  28. 

11  E.  baldacci,  fcv  Microbiol.  4,  53  (1960). 

28  R.  E.  Ilungate,  Ann.  uev. 
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ruminants.  Cattle  and  sheep  ciliates  appear  to  be  endogenous  to  the  rumen, 
for  no  one  has  found  them  in  the  feces  or  on  pasture  or  other  fodders. 

Six  principle  genera  are  found  in  the  rumen  of  both  domestic  and  wild 
ruminants,  but  here  they  will  simply  be  referred  to  as  those  belonging  to 
the  order  Holotrichida  and  those  belonging  to  the  order  Oligotrichida. 
Equally  specialized  forms  are  found  in  the  caecum  and  colon  of  horses.  Ac¬ 
cording  to  Buisson^®  the  African  elephant,  the  rhinoceros,  the  American 
tapir,  and  the  guinea  pig,  and  among  the  primates  the  chimpanzee  and  the 
gorilla,  harbor  various  species  of  ciliate  in  the  large  intestine.  Balantidium 
coli,  a  ciliate  usually  considered  to  be  pathogenic,  has  been  encountered  in 
the  macaque  and  the  orangutan.  Buisson  states  that  the  ciliates  soon  disap¬ 
pear  from  the  large  intestine  of  the  great  apes  when  kept  in  captivity  but 
that  they  are  found  in  naturally  living  specimens. 

Gruby  and  Delafond,*®  who  discovered  the  rumen  ciliates,  observed  that 
in  the  abomasum  such  organisms  were  found  dead  and  disintegrating,  an  ob¬ 
servation  which  has  been  repeatedly  confirmed.  Ferber^^  also  observed  that 
even  in  the  omasum  the  ciliates  appeared  to  be  dead  and  that  no  ciliates 
could  be  detected  in  the  small  or  large  intestines;  these  observations  have 
been  confirmed  by  Masson.^^  jj-  jg  common  knowledge  that  the  oligotrich 
ciliates  soon  die  when  they  are  taken  from  the  rumen  and  placed  on  a  slide, 
as  they  are  sensitive  to  temperature.  Holotrich  organisms  are  more  resistant 
These  organisms  are  susceptible  to  changes  of  pH  as  was  demonstrated  by 
Knoth^^  by  in  vitro  studies.  The  disappearance  of  ciliates  from  the  rumen 
of  sheep  fed  on  a  ration  rich  in  starch  with  only  small  quantities  of  hay  was 
o  served  by  Masson  these  animals  developed  a  pH  between  4  and  5  in 

e  rumen,  owing  to  the  high  concentrations  of  lactic  acid.  (Phillipson^^). 

eir  subsequent  reappearance  was  associated  with  an  increased  pH  of  the 
rumen  contents.  ^ 

There  is  no  satisfying  evidence  that  ciliates  or  encysted  forms  are  excreted 

is  the  onTv  one  of  "  ’1“^  development  of  resistant  forms.  Fantham« 

•  ve  ,  ^  observers  who  claims  to  have  found  such  a  staue 
m  their  life  cycle^Oral  transmission  appears  to  be  the  route  of  contact 

Both  young  sheep  and  goats  have  been  maintained  in  a  defaunated 

3”  K  rend.  17.  1305  (1843). 

32  A T  T  A/r  ^  Zuchlungsbiol.  12,  31  (1928) 

M.  Knoth,  Z.  Parasitenk.  1,  262  (1928). 

M.  J.  Masson,  Research  {London)  4,  73  (m^n 
A.  T.  Phillmaon  B„-,.  NutriL  1^0952). 

.  B.  Fantham  S.  ASncan  J.  Sci.  19,  332  (1922). 

«  E  L  282  <1932). 

.  Mangold,  Btedermanns  Zenir.  A3,  161  (1933). 
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condition  over  a  sufficiently  long  period  to  observe  that  their  gro\\th  rate 
is  not  seriously  impaired  by  the  elimination  of  the  protozoans  and  that 
they  digest  as  much  cellulose  as  normal  animals.  This  has  tended  to  have 
a  damping  effect  upon  investigations  into  their  metabolism,  and  until  re¬ 
cently  emphasis  has  been  placed  upon  the  bacteria  rather  than  upon  the 
protozoans.  Hungate^®  postulated  that  the  role  of  the  ciliates  is  taken  over 
by  the  bacteria  in  their  absence  so  that  the  host  does  not  suffer,  ihe  num¬ 
bers  present  are  so  large  that  it  is  impossible  to  believe  that  they  do  not 
contribute  to  the  chemical  changes  that  go  on  in  the  rumen,  but  for  the 
present  it  is  only  possible  to  discuss  what  is  known  of  their  metabolism  and 

to  guess  at  the  significance  of  this  to  the  host.  ,  -r  + 

There  appears  to  be  selective  ingestion  of  particulate  matter  by  ci  la  es. 
Large  ciliates  and  the  smaller  Entodinia  ingest  starch,  and  the  larger  forms 
ingest  plant  fragments,  particularly  those  containing  chlorophyll.  Holo- 
trichs,  however,  do  not  appear  to  ingest  much  particulate  matter 

Much  attention  has  been  given  to  the  question  of  whether  ciliates  digest 
cellulose  but  until  Hungate”’  “  was  able  to  grow  cultures  of  several  species 
ofSodintl  satisfactory  evidence  was  produced  that  disintegration  o 
cellulL  was  due  to  a  cellulase  produced  by  the  species  in  question  rather 
haTby  bacteria  ingested  with  the  plant  particles.  This  is  based  on  th 
IttLwe  ttat  suspensions  of  Diplodinia  grown  in  clone  cultures,  when 

Tat'es  frl'teUuLe  ttoas"  he  oblrved 

effsinteS^^^^^^^^^  -  OP-  ‘o 

Trier*'  described  the  ingestion  and  ”  tte  body  of  the  ciliates. 

resulted  in  the  laying  down  o  S^anu  ar  g  starch  introduced  into 

Usuelli'"'  estimated  that  as  much  as  8  %  20  min.  This  esti- 

the  rumen  of  a  sheep  was  ingested  by  "  Zwever,  that 

mate  no  doubt  has  a  large  margin  of  error  it  '"dwate, 

as  far  as  starch  is  the  disintegration  of 

sr.  — .“s 

due  to  iodophilic  bacteria  "Netted  ,y  the  ciliate.  Schlottke**  was  able 
themselves  were  subsequently  digeste  y 

39  R.  E.  Hungate,  Biol.  Bull.  83, 

40  R.  E.  Hungate,  Biol.  Bull.  Si,  305  (1926) 

41  H  T  Trier  Z.  vergleich.  Physiol,  i, 

..  F.'  nsuelli.  «m.  ce(.  63,  545, 

43  J.  G.  van  der  Wath  and  S.  J.  MyDurgn, 

..  E.’schS'ottke,  quoted  by  R.  E.  Hungate.  ref.  28 
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to  demonstrate  more  amylase  activity  in  extracts  of  rumen  ciliates  than 
in  extracts  of  rumen  bacteria.  Oxford^®  has  shown  that  the  large  quantities 
of  polysaccharide  stored  by  isotrichs  of  the  rumen  are  in  fact  nearer  to 
starch  than  to  glycogen  as  regards  chemical  structure.  Ilolotrichs  utilize  a 
variety  of  sugars  and  rapidly  convert  them  to  this  protozoan  polysaccharide 
(Masson  and  Oxford^®),  but  oligotrichs utilize  them  more  slowly.  It  has  been 
taken  for  granted  that  the  rumen  ciliates  ingest  and  digest  bacteria,  but  the 
granular  material  that  can  be  seen  within  the  cytoplasm  of  these  organisms 
appears  to  be  largely  polysaccharide  granules,  and  recent  investigations  of 
Sugden^^  throw  doubt  on  the  ingestion  of  bacteria  by  rumen  holotrich  cili¬ 
ates,  for  after  considerable  observation  she  has  not  been  able  to  observe  this 
to  occur.  Indeed  the  ciliates  appear  to  be  able  to  select  or  reject  particulate 
material  with  a  great  deal  of  precision. 

Schulze^®  suggested  that  the  large  quantities  of  stored  polysaccharide, 
rather  than  representing  the  major  portion  of  the  food  used,  may  be  an 
adaptation  which  permits  the  protozoans  to  continue  fermentation  when 
carbohydrate  food  is  not  readily  available.  Heald  and  Oxford^*®  have  shown 
that  this  is  so  as  far  as  the  Holotrich  ciliates  of  the  rumen  are  concerned. 
Several  species,  maintained  in  virtually  a  bacteria-free  condition,  were  able 
to  ferment  the  sugars  normally  present  in  grass  and  other  fodders,  and  ace¬ 
tic,  butyric,  and  lactic  acids  together  with  carbon  dioxide  and  hydrogen 
were  produced.  More  glucose  was  used  to  form  glucosanthan  was  fermented, 
but  even  so  isotope  experiments  showed  that  endogenous  fermentation  of 
glucosan  was  not  suppressed  by  the  presence  of  glucose  and  it  persisted 
when  no  glucose  was  present. 

It  has  been  suggested  that  the  ruminant  is  like  a  plankton  feeder  with 
the  added  adaptation  that  it  rears  the  planktonic  forms  and  utilizes  not 
only  their  cells  but  also  the  fermentation  products  of  their  growth. 

1  he  relation  of  the  numbers  and  kinds  of  ciliates  present  in  the  rumen  or 
arge  gut  has  received  considerable  attention,  but  owing  to  the  difficulties 
of  sampling  the  results  are  questionable;  even  so  the  differences  recorded 
are  so  great  that  it  seems  unlikely  that  they  can  be  due  merely  to  experi- 
mental  error.  Thus  Mowry  and  Becker*’  record  figures  for  cillLs  prewnt 
m  the  rumen  of  the  order  of  200.000  per  nrilliliter  for  sheep  fed  on  hay  alone 

ers  rose  to  2,000,000  per  milliliter.  Ferber”  found  that  the  numbers  of 
cihates  in  the  rumen  of  sheep  and  goats  increased  during  the  later  sTagel 
A.  E.  O.xford,  J.  Gen.  Microbiol.  6,  83  (1951). 

R  Oxford,  J.  Gen.  Microbiol.  6,  664  (1951) 
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of  pregnancy  and  during  lactation,  but  it  is  not  clear  whether  this  is  an 
appetite  effect  or  not.  Van  der  Wath  and  Myburgh,'*^  working  in  South 
Africa,  found  that  the  numbers  of  ciliates  in  the  rumen  of  sheep  were  re¬ 
lated  to  the  ration,  for  when  the  ration  consisted  of  wheat  straw  the  num¬ 
bers  present  were  100,000  per  milliliter  or  less;  when  lucerne  hay  or  gieen 
lucerne  was  given,  the  numbers  varied  from  200,000  to  500,000  pei  milli¬ 
liter;  and  crushed  maize  added  to  either  straw  or  lucerne  hay  pioduced 
counts  of  700,000  to  800,000  per  milliliter  in  the  former,  or  over  2,000,000 
per  milliliter  in  the  latter  instance.  Similarly,  sheep  grazing  on  the  veldt 
harbored  the  most  ciliates  in  January  (summer)  and  the  least  m  July  (win¬ 
ter).  Analysis  of  the  grass  showed  that  the  digestibility  of  the  dry  matter 
was  greatest  in  July,  although  the  percentage  of  nitrogen  was  0.3  %  lower 
than  in  October.  The  quantity  consumed,  however,  is  stated  to  be  more 


in  July.  ,  , 

Van  der  Wath  and  IMyburgh,'*^  by  using  differential  counts,  were  able  to 

show  that  the  proportion  of  ciliates  classified  as  Entodima  was  greater  m 
browsing  than  in  grazing  antelopes  under  natural  conditions  and  related 
this  to  the  tact  that,  since  the  smaller  Entodinia  cannot  ingest  such  large 
particles  as  the  larger  Diplodinia,  they  are  more  reliant  upon  diets  rich  in 
protein  and  carbohydrate.  An  exception  was  the  steenbock  a  giazing  ai - 
telope— but  these  animals  are  highly  selective  feeders  and  eat  only  the 
greene.st  and  most  delicate  parts  of  the  plant,  and  it  may  be  that  ‘he  leqtn 
ments  for  a  high  Entodinia  population  are  satisfied.  It  is  interesting  that 
The  Diplodinia-some  of  which,  in  the  bovine,  appear  to  P-duee  a  cellu- 
lase-are  less  dependent  upon  fresh  green  material  in  the  diet 

oresumably  rich  in  soluble  carbohydrate. 

Adams^i  l^as  made  accurate  estimates  of  the  cihates  ^ 

in  the  dorsal  part.  »  ,  horse  bv  Oxford®^ 

A  tletailed  study  of  the  protozoan  ® 

has  sliown  that  storage  of  iodoph  he  eolon. 

ate  CDcloposthium  which  is  abunc  ant  ^  P.‘7™or(ranized  entities,  possessing 
The  ciliates  are  thus  fascinating  and  hig  y  b  rumen  in  large 

.  highly  active  metabolic 

numbers,  so  much  so  that  10  to  20  %  nimeii  of  sheep. 

estimated  to  be  present  as  cihate  ni  numbers  in  the  colonic 

The  fact  that  specialized  forms  are  present  in  large  numDe 

U  K  M.  G.  Adam,  Parasitology  41,  301 
«  A.  E.  Oxford,  personal  communication,  1J5  . 
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contents  of  the  horse  and  that  they  are  present  in  a  wide  variety  of  wild 
herbivores  makes  their  biological  position  unique,  and  it  is  disappointing 
that  so  far  no  one  has  been  able  to  fit  them  securely  into  the  cycle  of  events 
that  constitute  microbial  digestion,  for  although  in  the  sheep  they  can  be 
dispensed  with  without  any  apparent  loss  to  the  host,  there  can  be  no  doubt 
that  they  have  a  place.  The  fact  that  the  holotrich  ciliates  rapidly  synthe¬ 
size  polysaccharide  from  soluble  sugars  and  that  the  oligotrich  ciliates 
readily  digest  starch  is  some  indication  of  their  activity,  but  until  more  is 
known  of  their  metabolism  it  is  impossible  to  assess  these  properties  in 
terms  of  the  total  digestion  of  the  animal. 


V.  Bacteria  and  the  Host 

General  Discussion 

Alimentary  bacteria  can  be  beneficial  to  the  host  if  they  decompose 
otherwise  indigestible  materials  such  as  cellulose,  or  if  they  synthesize 
molecules  or  specific  groups  which  the  host  requires  and  which  are  absent 
in  the  diet  or  present  in  a  quantity  insufficient  to  meet  requirements.  Both 
attributes  are  of  benefit  to  the  host  only  if  the  products  of  disintegration 
or  of  synthesis  can  be  absorbed  from  the  alimentary  tract.  On  this  definition 
bacteria  may  be  useful  if  they  ferment  cellulose,  pentosans,  or  even  raw 
tuber  starch,  which  are  otherwise  indigestible,  or  if  they  synthesize  mem¬ 
bers  of  the  B  complex  Avhen  these  are  not  present  in  the  food  in  adequate 
quantities.  The  changes  wrought  in  proteins  and  carbohydrates  of  the  food 
are  beneficial  to  the  host  if  they  are  essential  to  support  the  life  of  the 
bacteria  which  perform  the  aforementioned  feats.  It  is,  perhaps,  arrogant 
to  set  oneself  up  as  a  judge  of  the  benefits  that  accrue  from  a  relationship 
between  tvo  partners— m  this  instance  the  host  and  its  alimentary  micro- 
flora  and  It  IS  wiser  to  examine  such  a  partnership  in  a  more  objective 
spirit  in  order  to  attempt  to  understand  the  physicochemical  basis  of  its 
qui  1  rium.  ny  other  attitude  reflects  a  tendentious  approach.  This  being 
so,  this  section  will  be  devoted  to  a  discussion  of  the  occurrence  and  metab^ 

bers  to  lie  siEni'ficInr**'-|lT'^  t”  '"'merically  adequate  mim- 

of  dirlcr  mfilorv ■■-""■ees 

cultural  approach  The  direct"™'  °  of  the 

coneague...  «  to  ™ahe  observat 
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substrate  materials  and  the  visible  sites  and  agents  of  attack.  This  has  been 
a  great  service  even  though  it  deals  only  with  structural  changes.  The 
microbial  breakdown  of  structural  cellulose  is  accompanied  by  the  following 
features:  (1)  simultaneous  loss  of  histochemical  reactions  and  optical  bire¬ 
fringence  occurs  in  the  affected  structures;  (2)  the  microbial  origin  of  the 
process  of  breakdown  is  demonstrated  by  the  formation  of  clear-cut  en¬ 
zymic  cavities  around  the  responsible  microorganisms;  (3)  the  histological 
components  of  fodder-plant  materials,  such  as  grasses,  are  digested  in  a 
certain  order  and  at  widely  different  rates;  (4)  lignin,  cutin,  and  other 
encrusting  substances  are  especially  prominent  in  undigested  residues;  (5) 
there  is  present  a  constant  association  in  the  same  natural  habitat  of  sev¬ 
eral  morphologically  distinguishable  types  of  microorganisms. 

The  number  of  bacteria  in  the  rumen  has  been  estimated  by  slide  counts 
and  by  a  dilution  method  using  media  developed  by  Gall  et  al.^^  Counts 
as  high  as  50  billion  per  gram  of  fresh  rumen  contents  have  been  recorded 
from  cattle  and  sheep  on  winter  rations  and  from  85  to  96  billion  from 
animals  at  pasture.  Gall  and  Huhtanen^^  have  described  in  detail  five  strains 
of  lactobacilli  which  have  been  isolated  repeatedly  from  the  rumen  of  many 
animals.  These  are  quoted  as  only  five  out  of  twenty  types  of  organism 
that  can  be  regularly  isolated  and  which  are  present  in  numbers  greater 
than  1  million  per  gram  of  fresh  rumen  contents.  These  observations,  al¬ 
though  as  yet  incomplete,  indicate  that  it  will  soon  be  possible  to  refer  any 
organism  of  the  rumen  against  standard  cultures  which  have  been  selected 
on  the  following  criteria:  (1)  they  are  anaerobic  bacteria;  (2)  they  are  pre  - 
ent  in  quantity  greater  than  1  million  per  gram  of  fresh  tissue,  (3)  t  y 
have  b^n  isolated  on  at  least  ten  occasions  from  two  or  more  animals 
(4)  they  have  been  isolated  from  animals  in  at  least  two  geograp  ic  are  , 
and  (5)  they  produce  end  products  of  fermentation  known  to  occur  in  the 
rumi;:  from  substrates  knLn  to  be  present  in  the  rumen;  intermediary 
products  of  fermentation  are  presumably  included. 

2.  Fermentation  of  Cellulose 

The  isolation  of  cellulose-fermenting  bacteria  from 
has  received  a  considerable  amount  of  attention,  biit  ther 

gLisms  have  been  studied  in  the  past  there  is  considerable  doubt  whether 

are  ,1—. " 

58  R.  E.  Hungate,  J.  Bad.  53, 
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in  vitro  under  conditions  that  simulate  the  rumen.  All  are  anaerobes  or 
facultative  anaerobes,  and  their  fermentation  products  include  short-chain 
fatty  acids,  carbon  dioxide,  and  hydrogen.  From  Baker  and  Harriss’^  ob¬ 
servations  on  the  disintegration  of  plant  tissues  containing  cellulose  it  would 
appear  that  coccoid  forms  are  principally  responsible,  yet  Baker  and  Harriss 
draw  attention  to  the  pleomorphic  nature  of  the  organisms  concerned. 
Under  these  circumstances  it  would  be  unwise  to  dogmatize  as  to  the  mor¬ 
phological  nature  of  the  organisms  responsible  for  cellulose  fermentation 
in  the  rumen,  as  those  using  the  cultural  approach  find  rods  more  active 
than  coccal  forms.  It  is  necessary  to  recognize  the  fact  that  all  those 
that  have  so  far  received  sufficient  study  produce  short-chain  fatty  acids  as 
products  of  activity.  Marston’s®^  work  suggests  that  the  proportion  of  the 
energy  of  the  substrate  that  is  incorporated  in  the  bacteria  themselves  is 
approximately  6%  of  the  total  used.  No  comparable  work  has  been  done 
on  the  cellulose-fermenting  organisms  present  in  the  large  intestines  of  other 
species,  although  Baker  and  Martin ®2  from  their  description  of  the  organ¬ 
isms  present  in  the  large  intestines  of  the  horse  and  guinea  pig  found  that 

similar  morphological  types  could  be  observed  attached  to  plant  fragments 
in  these  organs. 

Hummel,  Shepherd,  and  Macy<=  found  that  older  children  were  able  to 

than  younger  children,  and 

for  bacterial  decomposition  of  fiber.  For  children  of  4  to  12  years  5  to  7 
£oge?oTm“’'  ‘he  absorption  of  ni- 

The  work  of  Trautmann  and  .\sher«<  has  shown  quite  clearly  that  mire  ro 
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Enrichment  cultures  of  cellulose-decomposing  bacteria  from  the  digestive 
tract  were  fed  to  pigs,  and  these  appeared  after  a  time  to  improve  digestion 
of  the  cellulose. 

If  the  products  of  bacterial  decomposition  of  cellulose  in  the  large  intes¬ 
tine  of  omnivores,  which  are  most  probably  acetic  and  propionic,  acids,  can 
be  utilized  as  i)roductively  by  pigs  as  by  ruminants,  then  fodder  cellulose 
should  have  a  value  for  fattening  pigs  not  much  inferior  to  that  of  oats. 

A  survey  of  the  feces  of  human  beings  by  Hirschberg®®  levealed  that 
over  one-third  of  the  specimens  showed  fungi  of  the  Aspergillus  group  which 
could  decompose  cellulose.  There  was  no  difference  in  this  respect  between 
normal  and  constipated  persons. 


3.  Fermentation  of  Starch 

In  the  alimentary  tract  of  mammals,  starch  is  digested  either  by  the 
amvlolytic  enzymes  secreted  by  the  digestive  glands  or  by  bacterial  action; 
and  the  extent  to  which  one  or  the  other  of  these  preponderates  may  de¬ 
pend  on  several  factors,  particularly  on  the  morphology  of  the  gut  and  the 
Lucture  of  the  raw  starch  granule.  Thus  in  non-rumniants,  except  the 
hamster,  untreated  cereal  starches  are  broken  down  in  the  small  “'testme 
by  the  icretions  of  the  digestive  glands  so  that  httle  starch  ‘‘ccu^ 
in  the  caecum  and  bacterial  action  plays  only  a  minor  ro  e  in  bieakdoan. 
Raw  tuber  starches,  except  tapioca  starch,  may  completely  escape  the  ac- 

starch  by  digestive  enzymes  resultem  a  mor^^^^^^^^  mic 

rumen  by  bacterial  action.®^  breakdown  of  starch.  In 

Characteristic  bacteria  are  associated  ^  ^  primary  agent 

the  pig’s  caecum  Closindtum  source  synthesized  members 

of  breakdown,  and  a  strain  isolate  .minobenzoic  acid,  required  for 

of  the  B  complex,  other  than  biotm  and  to  grow  and 

its  own  growth."*  Pigs  given  vitamin  1  - 

survive  if  untreated  or  if  untreated  m 

potato  starch  was  rendered  soluble  by  .^rch  granules 
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have  been  isolated  by  MacPherson®®  from  the  rumen  of  sheep  feeding  on 
starch-rich  rations.  These  appear  to  be  similar  to  S'reptococcus  bovis  but 
can  be  distinguished  by  their  antigenic  reactions.  Similar  organisms  have 
also  been  Isolated  by  her  from  the  caecum  of  the  horse  and  the  chick.  Thus, 
although  Clostridium  hutyricum  is  present  in  large  numbers  in  the  caecum 
of  the  pig  fed  on  potato  starch  it  does  not  follow  that  it  is  the  only  organism 
concerned  with  its  disintegration.  Masson^^-  observed  large  numbers  of 
CL  hutyricum  in  the  rumen  of  sheep  fed  on  a  ration  rich  in  flaked  maize, 
yet  coccoid  forms,  whose  chemical  properties  were  similar  to  those  of  S. 
bovis,  were  also  present  and,  as  far  as  can  be  judged  by  the  high  concentra¬ 
tions  of  lactic  acid  formed,  were  numerically  highly  significant. 


The  property  of  storing  a  polysaccharide  within  its  cytoplasm  is  charac¬ 
teristic  of  the  bacteria  associated  with  the  hydrolysis  of  starch  in  both  the 
lumen  and  the  caecum,  (d.  hutyricum  is  known  to  produce  an  amylase  in 
vitro, and  a  free  amylase  that  occurs  in  the  rumen  of  starch-fed  sheep  is 
presumably  of  bacterial  origin,  as  no  amylase  is  present  in  sheep’s  saliva.’^ 
Similarly  an  amylase  is  produced  in  vitro  by  starch-splitting  cocci,®®  and 
although  this  enzyme  hydrolyzes  starch  as  far  as  the  dextrin  stage  the  end 
products  of  fermentation  include  acetic,  propionic,  and  butyric  acids. 

In  an  investigation  of  the  fate  of  starch  in  the  bird.  Baker,  Carpenter 
and  Duckwortlfli  have  shown  that  potato  starch  reaches  the  caecum  in 
arge  amounts,  maize  starch  only  in  small  amounts.  In  the  caecum  starch 
granu  es  are  attacked  by  large  and  small  iodophile  sporing  rods,  morpho- 

.X  '■  '""f"'""- ■■“ds  was  greatest 

heXf  “  potato  starch  and  least  in  birds  fed  on  diets  with  lactose  as 

“X::  ---  starch  presented  an  inter- 


4.  Fermentation  of  Pentosans 

Pentosans,  of  which  the  chief  component  is  xylan,  form  some  16  to  20 

andm-e?  (Fraps,'®  Hallsworth,^^  and  Ekelund^®) 

and  .e  digested  to  the  extent  of  50%  in  the  alinrentary  ’tract  of  therumi- 

Althougli  pentosan-decomposing  microorganisms  are  widespread  in  na- 
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ture  (Patrick  and  Werkman^®),  there  is  little  or  no  information  concerning 
the  types  and  numbers  of  similar  microorganisms  in  the  ruminant,  nor 
indeed  of  the  quantitative  importance  of  the  fermentation  of  these  sub¬ 
stances. 

The  simple  components  xylose,  glucuronic  acid,  and  arabinose  are  rapidly 
fermented  by  rumen  microorganisms  with  the  formation  of  the  volatile 
fatty  acids  (Heald^^  and  McNaught'®),  acetic,  propionic,  and  butyric  acids, 
with  acetic  acid  predominating. 

The  report  (D’yakov  and  Ivankin’®)  that  xylose  sirups  (wood  sugar)  fed 
to  sheep  on  a  poor  hay  diet  can  convert  a  negative  nitrogen  balance  to  a 
positive  one,  while  needing  confirmation,  may  find  some  explanation  in  the 
findings  of  McNaught  ®  that  xylose  serves  as  a  suitable  energy  source  for 
the  synthesis  of  protein  from  urea  by  rumen  microorganisms.  With  regard 
to  the  quantities  of  pentosans,  and  xylan  in  particular,  fermented  in  the 
rumen,  Marshall®®  has  shown  that  some  30  to  40  %  of  the  furfural-yielding 
components  of  meadow  hay  disappear  in  the  rumen  and  the  omasum 
Heald®!  ^ged  a  more  precise  estimation  of  xylose  present  m  hydrolyzates  of 
food  leaving  the  abomasum.  He  finds  a  similar  percentage  digested  and 
calculates  that  some  60  to  80  g.  of  xylan  may  be  fermented  every  24  hr.  m 
the  rumen  of  a  sheep  at  pasture.  If  the  products  are  mainly  acetic  acid 
(Selliere®^) ,  this  quantity  is  of  nutritional  significance. 

5.  Fermentation  of  Pectins 

Investigations  by  Werch  and  Ivy»>  have  shown  that  pectin  is  broken 
down  in  the  alimentary  tract  of  both  dog  and  man. 
have  shown  that  the  breakdown  of  the  pectin  occurred  chie  y 
and  not  in  the  small  intestine  and  that  bacterial  enzymes  were  large  y 

^'^LerOT^nd  Michaux^Hound  that  sheep  digested  a  high  proportion  of  the 
Leroy  j  ^  foodstuffs  as  apple  pulp,  sugar  beet 

"rfhaf  ^d  that  a  sheep  feeding  on  hay  consumed 

pulp,  hay,  and  straw  (Michaux).“  The  proportion 

Xtic  -id^  high  in  apple  and  sugar  beet  pulp,  the  ratio  being 

7.  R.  Patrick  and  C.  H.  VVcrkman,  Jowa  Slate  Coll.  J.  Set.  7,  40i  (1933). 

n  P.  J.  Heald,  Biochem.  d.  60,  <1952)- 

::  ^1:  L  4  ,  76  (.033, 

..  If  .^.  Ma’rS.'Brit  X  Nnlrition  S,  1 

.1  G.  Seiliere  Coinpi.  8,  .01  (1941). 

83  S  C.  Werch  and  A.  C.  Ivy,  An.  ■  J  (1949). 

..  A  \I  Leroy  and  A.  Michaux,  Compl.  rend  229,  1034  (1J4J). 

::  a;  Michaux,  Compl.  rend.  230,  2051  (I960). 
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approximately  1:10;  the  ratio  of  these  substances  in  the  feces  of  sheep  fed 
on  these  foods  was  1:0.5.  In  hay,  however,  pectin  predominates.  The  di¬ 
gestibility  of  pectic  substances  in  sheep  was  approximately  75%  or  over 
for  hay  and  90  %  for  apple  and  sugar  beet  pulp,  but  in  a  lamb  the  digesti¬ 
bility  was  considerably  less.*® 


VT.  The  Results  of  Microbial  Digestion 


There  are  several  ways  in  which  comparisons  between  the  results  of 
microbial  digestion  have  been  made  based  on  the  quantities  of  the  products 
of  fermentation  formed  in  relation  to  bodyweight  or  more  simply  on  the 
amounts  of  cellulosic  fiber  disappearing  from  the  food  as  it  passes  through 
the  gut.  These  comparisons  are  not  valid  on  their  own  account,  for  strictly 
controlled  tests  have  not  yet  been  made.  However,  the  evidence  available 
sustains  the  widely  held  view  that  microbial  digestion  plays  a  more  impor¬ 
tant  lole  in  the  ruminant  than  in  animals  where  microbial  digestion  is 
confined  primarily  to  the  large  intestine. 


The  studies  of  Crampton  et  al}’^  on  the  comparative  value  of  foodstuffs 
of  low  fiber  to  human  subjects,  rats,  guinea  pigs,  swine,  and  sheep  so  far 
suggest  that,  of  themselves,  the  anatomical  differences  in  the  digestive 
systems  of  the  five  species  studied  do  not  result  in  large  differences  in  di¬ 
gestive  capacity  with  respect  to  diets  of  negligible  crude  fiber  content. 

Comparisons  may  also  be  made  of  the  quantities  of  methane  produced 
and  the  quantities  of  fatty  acid  present  in  the  digesta.  In  comparing  the 
capabilities  of  different  species  of  digesting  cellulose,  attention  must  be  paid 
to  the  form  in  which  the  cellulose  is  offered,  with  particular  reference  to 
encrusting  substances.  It  is  well  known  that  the  age  of  the  plant  which 
determines  the  degree  of  lignification  of  the  structural  compoLnts  of  the 
plant,  influences  markedly  the  digestibility  of  the  cellulose. 

Pure  cellulose  or  the  cellulose  of  straw  after  alkali  or  sulfite  treatment 

oy  the  pig^  When  the  digestibility  of  the  fibers  of  straw  is  comoared 

in  the' pig  isVe™;::" LidCaS:« 

it 

such  as  lignin.  Little  if  anv  ri'  4-  a  ^  ^^rustmg  substances 

as  the  experiments  of  Rubner  heavily  lignified  plant  tissues. 

World  War  I  yet  the  cH^  his  colleagues  showed  in  Germany  in 
ar  I,  yet  the  cellulose  contained  in  such  foods  as  lettuce,  cabbage 

E.^W.  Crampton,  M.  I.  ,rwi„,  L.  E.  Lloyd,  and  H.  H.  Nielson,  y.  NuirUion  43 

Kevs.  Btol.  Proc.  Cambridge  Phil.  Soc.  6.  273  (1930). 
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carrots,  and  low  extraction  bread  apparently  disappears  to  a  large  extent 
as  it  passes  through  the  gut,  although  the  quantity  in  the  total  food  is 

small. 

The  quantity  of  methane  evolved  by  cattle  bears  a  close  relation  to  the 
ciuantity  of  digestible  carbohydrate  in  the  ration.®^  Kitzman  and  Benedict^- 
compared  the  quantities  of  methane  evolved  from  the  ruminant  and  other 
herbivores  and  found  that  when  hay  was  fed  to  the  horse  and  the  Indian 
elephant  more  methane  appeared  per  unit  of  body  weight  from  the  rum¬ 
inant  than  was  produced  by  either  of  the  others.  .  •  i 

A  comparison  of  the  fatty  acids  in  the  digesta  of  a  variety  of  animals 
was  made  by  Elsden  el  o/..,»=*  and  it  appeared  that  the  greatest  proportion 
per  unit  of  body  weight  was  in  ruminants  and  that  the  horse,  the  pig,  the 
rabbit,  the  rat,  and  the  dog  followed  in  that  order.  These  observations  do 

not  take  account  of  what  is  absoibed. 

Whenever  microbial  digestion  occurs,  there  appears  a  mixture  of  sh 

chain  fatty  acids  in  the  contents  of  the  stomach  ^ 

to  be  present  are  acetic,  propionic,  and  butyric  acids,  and  of  these  acetic 
predorrtes.  This  mixture  has  been  found  in  the  large  -'testmes  of  the 
hora;  the  pig.  the  sheep,  the  rabbit,  the  rat,  and  the  dog,  and  short-chan 
Ltty  -  known  to  be  present  in  man  They 

these  proportions.  “i  sto  temporarily  in 

s  :;s  “■  “•  - 

citing  cause  of  death,  however,  sb"  has  led  to  a  search  for 

The  occurrence  of  propionic  acic  „  jg45  h,st  isolated  an 

Tr^^m  :ui\vrc:'r:f  r. 

Sued" 

::  sir,\r;"s“Hrrk;  .u  a.  t.  .>,,1.11.01., . 

..  Ann.  Biockcn.  17.  706,  (19«). 
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gazogens  which  ferment  glucose  and  lactate.  The  meclianism  of  propionic 
acid  formation  depends  upon  the  fixation  of  carbon  dioxide  with  pyruvic 
acid;  oxaloacetate  so  formed  passes  via  malate  and  fumarate  to  succinate, 
subsequent  decarboxylation  producing  propionate.  \^arying  proportions  of 
propionate  and  acetate  formed  appear  to  depend  upon  the  carbon  dioxide 
tension  and  pH  values.  The  occurrence  of  succinate  in  the  rumen  has  been 
reported  by  Sijpesteijn  and  ElsdeiT^"  and  the  disappearance  of  added  suc¬ 
cinate  is  accompanied  by  an  increase  in  concentration  of  propionic  acid. 

Recently  the  occurrence  of  branched  isomers  of  butyric  and  valeric  acids 
have  been  found  in  the  rumen  by  El  Shazly.®^  The  quantity  present  is 
related  to  the  nature  and  quantity  of  the  protein  fed  in  the  ration;  thus, 
soluble  casein  causes  an  increase  in  these  compounds. 


lo  to  occur 


Absorption  of  acetic,  propionic,  and  butyric  acids  is  ku 
across  the  stratified  squamous  epithelium  lining  the  rumen,  and  this  ab¬ 
sorption  of  short-chain  fatty  acids — or,  to  be  more  precise,  steam-volatile 
fatty  acids,  according  to  the  actual  method  of  determination— also  takes 
place  from  the  reticulum,  the  omasum,  the  caecum,  and  the  colon  of  the 
sheep,  and  from  the  large  intestine  of  the  horse,  the  pig,  the  rabbit,  and 
the  dog.  In  this  way  some  of  the  products  of  the  metabolism  of  the  micro¬ 
bial  population  are  continually  removed  from  the  milieu,  thus  satisfying 

one  of  the  essential  requirements  for  the  continuing  activity  of  a  mixed 
culture  of  organisms. 

A  further  mechanism  which  helps  to  maintain  stability  of  the  milieu  of 

to^theT"y'“r  '=“'8®  intestine,  is  that  as  the  pH  falls  owing 

to  he  production  of  acd.c  products  of  fermentation  the  proportion  of  free 

P  LraU ir" 

of  1  ‘he  anion,  so  the  rate 

and  protein.  McDonald9^6^^97^fXnd'^^  carbohydrate 

small  concentrations  in  fh.  ammonia  is  normally  present  in 

causes  an  increase.  This  increasFis  introduction  of  protein 

acids,  which  El  tShazly*®  has  slin  the  production  of  fatty 

acids  and  carbon  dL  'Ide  ->‘1  valeric 


Cuthbertson  and  Chalmers^,  found  that  when  a  first-class  soluble  protein 

••  y-  61.  (1952). 

•M  W  M  n'’"“  '  ’  y.  12.  584  (1948) 

••  D  P'  Cuthbr  ’  ''"f ^  Cambridge  University,  1948 

I.  Chalmers.  niockZ:  j  t.  „ii 
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was  given  to  sheep  in  need  of  protein  they  did  not  make  satisfactory  use 
of  it,  but  if  the  protein  was  given  straight  into  the  duodenum  rather  than 
into  the  rumen  this  defective  utilization  no  longer  took  place.  Chalmers 
and  Synge®®  followed  up  these  observations  and  found  that  the  physical 
character  of  the  protein  in  terms  of  its  solubility  seemed  to  be  a  factor, 
thus  confirming  the  work  of  McDonald  on  zein,  an  insoluble  protein.  Chal¬ 
mers  and  Synge  also  found  that  compared  with  casein  there  was  a  smaller 
rise  in  rumen  ammonia,  and  therefore  loss  of  nitrogen,  when  herring  meal 

was  fed.  . 

Most  animal  fodders  include  a  proportion  of  nitrogen  m  a  non-protem 

form  In  pasture  grass  the  bulk  of  this  is  in  the  form  of  basic  substances  and 
well-known  amino  acids  in  the  free  state  (Synge). Amino  acids  and  added 
urea  undergo  rapid  deamination  in  the  rumen.  How  much  of  the  ammonia 
nitrogen  so  formed  is  incorporated  into  bacterial  protein  probably  depends 
upon  the  food  which,  in  turn,  influences  the  numbers  and  kinds  of  bacteria 
present.  Pearson  and  Smith'"' ■  found  that  an  increase  m  protein  ac¬ 
companied  the  addition  of  urea  and  starch  to  rumen  contents,  lAile  rations 
in  which  urea  forms  practically  the  sole  source  of  nitrogen  have  been  shown 
to  sustain  weight  increases  in  sheep.""  Synge  and  his  colleagues  {J  Agnc 
Set  in  press)  find  that  when  high  protein  rations  are  ted  to  sheep  the  coi 
centratfons  of  ammonia  produced  in  the  rumen  are  consi^derable,  much  o 
this  nitrogen  is  excreted  in  the  urine.  Starch,  added  to  the  ration,  leduces 
the  ammonia  formed  in  the  rumen.  The  difference  in 

leads  to  different  utilisation  of  the  available  nitrogen.  McDonald  calcu 
lated  tLt  I  a  ratio  of  which  .ein  formed  the  main  source  of  prote  n  ap¬ 
proximately  40%  of  the  nitrogen  was  his 

A  glucuronide-decomposmg  enzy^^^^ 

colleagues'"-  as  a  s  ^  the  nature  of  its 

in  the  sheep  rumen.  This  enzyme  has  "  ,  •  be  to  assist  in 

action  is  being  studied.  It  is  believed  ds 

the  digestion  of  plant  t  J^be the  alimen- 

finding  of  similar  'th?s^“wtrbacteria  are  found.'"" 

tary  tract  of  other  species  in  those  j  bon  dioxide 

The  gas  mixture  in  the  rumen  is  ^^^T^P/^'^rogen  sulfides  are 

and  methane,  although  traces  of  oxyg  ^  K  ^  proportions  of  methane 

.  I  T?  T  AT  Svnee  Brit.  J.  Nutrition  4,  ix  (1950). 

99  M.  I.  Chalmers  and  R.  L.  ^ 

100  R.  L.  M.  Synge,  Biochem.  J.  ^9’ ^  ,  37  ^42  148,  153  (1943). 

...  u.  M.  Pearson  and  A  A- B.  Smdh,  «  ALlroils  «rrs.  17.  18  (1947). 

102  M.  L.  McNaught  and  J.  A.  21P  (1948). 

...  I.  W.  McDonald,  J.  rhyttoL  «,  210  (1949). 

104  M.  C.  Karunairatnam  and  G.  A.  Le  y,  ^^3  (^^52). 
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to  require  a  high  concentration  of  carbon  dioxide  for  their  growth.  The  most 
significant  relationship,  so  far  as  methane  is  concerned,  seems  to  be  with 
the  quantity  of  carbohydrate  decomposed.  Methane  is  evolved  most  rapidly 
during  the  first  4  hr.  after  feeding  (Washburn  and  Brody^o®) ;  thereafter  the 
rate  steadily  declines,  but  it  takes  3  to  5  days  before  all  the  methane  disap¬ 
pears  from  the  rumen.  When  feeding  is  resumed  after  prolonged  fasting 
hydrogen  appears  to  be  evolved  in  varying  quantities.  After  3  to  4  days  this 
hydrogen  disappears  from  the  rumen  gas  mixture  and  is  replaced  by 
methane.  Similar  results  may  be  obtained  by  emptying  the  rumen  after  3 
days’  fast  and  replacing  the  contents  with  a  solution  of  sodium  bicarbonate 
before  feeding  is  resumed  (Pilgrim^®^). 

The  probable  role  of  hydrogen  in  the  formation  of  methane  in  the  rumen 
is  discussed  by  Beijer,^®®  who  showed  that  the  addition  of  formate  and  suc¬ 
cinate  to  the  rumen  liquor  of  goats  produced  a  marked  evolution  of  methane 
as  well  as  some  increase  in  carbon  dioxide  and  hydrogen.  Beijer^®®  suggests 
that  both  acids  act  as  hydrogen  donators  for  the  bacterial  reduction  of  car¬ 
bon  dioxide.  Lewis^®®^-’’  has  shown  that,  in  addition  to  formate  and  suc¬ 
cinate,  lactate,  citrate,  glucose,  malate,  and  mannitol  are  hydrogen  donators 
for  the  reduction  of  nitrate  by  washed  suspensions  of  mixed  rumen  bacteria. 
Acetate,  propionate,  and  ?2.-butyrate  are  inactive  both  as  a  source  of  hydro¬ 
gen  for  methane  formation,  according  to  Beijer,^®®  and  for  nitrate  produc¬ 
tion.  Nitrate  reduction  in  the  rumen  can  lead  to  fatal  methemoglobinemia 
if  sufficient  is  present  in  the  fodder. 


VII.  The  Fate  of  Alimentary  Microorganisms 

The  ciliates  and  bacteria  of  the  rum^  pass  with  the  food  residues  through 
the  alimentary  tract.  Consequently  they  are  exposed  to  the  action  of 
proteolytic  enzymes  in  the  abomasum  and  small  intestines.  The  pH  of  the 
abomasum  is  m  the  region  of  3,  and  here  the  ciliate  protozoans  disintegrate, 
ihe  effect  of  the  acidity  and  peptic  activity  of  the  abomasal  contents  is 
ess  marked  on  the  bacteria.  Masson’s®^  observations  on  the  abomasal 

Z  «heep  show  that 

eria  ose  efimtion  and  also  fail  to  stain  satisfactorily  so  that  their 

unfireirth  that  of  a  dying  culture.  It  is  exceedingly 

peps^for  btfh.  ‘he  action 

pepsin  or  by  the  subsequent  action  of  the  duodenal  and  intestinal  iuices- 

r  'Ti  ‘he  abomasal  content  o  ,be 

contents  of  the  small  intestine,  and  until  estimations  of  the  numbers  of 

A  I'  and  S.  Brody.  Bull.  Mhsouri  Agr.  Expt  Stu  263  (16.371 

...  N  H  Research  Bl,  130  (1948)  ‘  ' 

N.  H.  Beijer,  Nature  170,  576  (1952)  ' 

;-D.  Lewis.  48,  176  (1951). 

L).  Lewis,  Biochem.  J.  49,  148  (1951) 
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viable  bacteria  present  in  these  organs  have  been  made,  there  is  no  sure 
evidence  to  go  on. 

The  fact  that  urea  can  be  used  to  replace  part  of  the  protein  of  the  ration 
without  loss  in  production  has  been  interpreted  as  meaning  that  the  nitro¬ 
gen  so  administered  is  largely  converted  to  bacterial  protein  and  that  the 
bacteria  are  subsequently  digested.  There  is  no  doubt  that  the  addition  of 
urea  together  with  starch  to  a  ration  otherwise  low  in  nitrogen  causes  a 
marked  increase  in  the  numbers  of  organisms  present  in  the  rumen.  It  is  also 
known  that  the  inclusion  of  methionine  with  the  urea^“®’  causes  an  even 
greater  increased  initial  count  and  that  the  bacterial  nitrogen  so  supplied 


has  a  high  feeding  value  to  rats,  but  although  this  offers  a  strong  sugges¬ 
tion  that  the  bacterial  protein  synthesized  from  these  materials  has  a  nutri¬ 
tive  value  to  the  host  the  direct  proof  is  lacking.  Similarly  it  has  been  shown 
that  the  biological  value  of  dried  rumen  bacteria  as  a  source  of  protein  to 
rats  is  of  the  order  of  80  or  more,  which  indicates  its  potential  value  to 


ruminants  after  digestion  in  the  intestines.i^^  xhe  conversion  of  non-protein 
nitrogen  into  amino  acids  is  proved  by  the  fact  that  sheep  on  a  purified  diet 
with  urea  as  virtually  the  sole  source  of  nitrogen  in  the  rumen  synthesized 
the  ten  amino  acids,  including  methionine,  which  are  known  to  be  essential 
to  the  rat.^’^  In  another  experiment  sheep  maintained  on  such  a  ration  in¬ 
creased  in  weight  by  approximately  14  to  1  lb.  per  week,  but  removal  of 
inorganic  sulfur  from  the  ration  resulted  in  loss  of  weight  and  the  animals 
were  then  in  a  state  of  negative  nitrogen  balance.^^^  The  introduction  of 
labeled  inorganic  sulfur  into  the  rumen  of  the  cow,  the  sheep,  and  the  goat 
resulted  in  its  appearance  in  sulfur-containing  amino  acids  m  the  proteins 
of  the  rumen,  plasma  and  milk.^^^-  Experiments  such  as  these  leave  no 
doubt  that  some  of  the  rumen  microorganisms  disintegrate  as  they  pass 
through  the  alimentary  tract  and  that  the  animal  derives  ammo  acids  from 
this  process.  It  must  not  be  assumed,  however,  that  all 
digested,  for  the  observations  of  Pounden,  Ferguson, 
that  different  organisms  are  not  equally  susceptib  e  ®  ®  ^  .  ,, 

digestive  juices.  It  has  often  been  suggested  that  one  o  ‘he  oles  of 
protozoans  is  to  ingest  bacteria  and  digest  them  so  that  the  ult 
product  of  rumen  synthesis  of  protein  is  protozoan 

doubt  that  the  protozoans  disintegrate  m  the  abomasum,  a  y 


109  J.  K.  Loosli  and  L.  E.  Harris,  J.  Animal  435  (1945)^ 

m  wrThlL“j.’?C  Loosli,  II.  II.  Williams,  a„,l  L.  A.  Maynard,  d.  Nation 

n.  t’J'lloTL  d.  A.  Stetol,  Pro.  T'  Ar^  (1050,. 
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pothesis  would  be  attractive  if  it  were  not  for  the  recent  observations  of 
Sugden,^^  who  failed  to  find  any  evidence  for  the  protozoan  ingestion  of 


rumen  bacteria. 

The  question  of  the  disintegration  of  bacteria  in  the  alimentary  tract  is 
important,  for  the  liberation  of  their  intracellular  products,  i.e.,  polysac¬ 
charides,  as  well  as  the  protoplasmic  nitrogen  presumably  depends  on  this 
disintegration.  Consequently  it  is  disappointing  that  so  little  direct  work 
has  been  done  upon  it,  and  the  hypothesis  that  rumen  bacteria  are  digested 
as  they  pass  through  the  abomasum  and  small  intestine  rests  on  circum¬ 
stantial  evidence.  The  quantity  of  protozoan  and  bacterial  polysaccharide 
liberated  in  the  small  intestine  by  the  disintegration  of  microorganisms  is 
of  considerable  interest  from  the  nutritional  point  of  view.  Heald^^®  has 
found  that  from  5  to  6  g.  of  polysaccharide  passes  to  the  duodenum  per 
24  hr.,  or  12  in  the  hay-fed  sheep.  There  is  no  estimate  yet  of  ciliate  poly¬ 
saccharide.  It  should  be  noted  that  Heald’s  figure  relates  only  to  hay-fed 
sheep,  for  as  polysaccharide  synthesis  appears  to  be  greater  when  starch  is 
fed  its  importance  may  be  correspondingly  enhanced. 

Polysaccharides  are  stored  by  microorganisms  for  their  own  needs,  and 
the  fact  that  some  of  these  may  become  available  to  the  host  is  purely 
fortuitous.  Elsden“^  observed  that  after  the  introduction  of  glucose  into 


the  rumen  the  strong  iodophilic  reaction  which  could  be  observed  by  spin¬ 
ning  down  the  iodine-treated  organisms  became  weaker  with  the  time  after 
dosage.  Similarly  the  glycogen-like  polysaccharides  stored  by  the  organism 
observed  by  Quin^^®  now  thought  to  belong  to  the  group  of  Selenomonas 
become  depleted  of  polysaccharide  if  no  glucose  is  provided. 

The  same  pioblem  confronts  us  in  discussing  the  bacteria  as  products  of 
digestion  in  the  large  intestine.  Here  the  difficulty  is  greater,  as  there  is  no 
obvious  reason  why  the  caecal  and  colonic  bacteria  should  die  and  disinte¬ 
grate  at  all.  It  is  well  known  that  most  of  the  feces  in  man  are  composed 
of  bacterial  cells,  both  viable  and  dead.  In  the  herbivora  there  is  little 
information  on  the  fate  of  caecal  bacteria;  do  they  die  off  as  they  pass  into 
the  lower  parts  of  the  colon?  If  they  do,  has  this  any  relation  to  the  loss  of 
water  from  the  food  residues?  Alternatively,  do  they  suffer  from  lack  of 
substrate?  Considering  the  robust  nature  of  bacteria  compared  to  the  more 
highly  developed  cihates  it  seems  improbable  that  a  comparatively  small 

Lionel'  "'“'''c'  seriously  prejudice  their 

existence  1  here  is  no  answer  to  the  question,  but  it  is  perhaps  relevant  to 

consider  the  coprophagic  habits  of  the  rabbit.  This  animal  paLs  two  sorts 

es,  so  ,  moist  feces  containing  approximately  28  to  30  %  of  the  dry 

P.  J.  Heald,  Brit.  J .  Nutrition  6,  84  (1951') 

See  ref.  71a. 

J.  I.  Quin,  Onderstepoort  J.  Vet.  Sci.  Anhnal  Ind.  18,  91  (1943). 
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matter  as  protein,  and  hard,  dry  feces  containing  much  less  protein.^^®  Bac¬ 
teriological  studies^®®  have  indicated  that  the  significance  of  coprophagy 
for  the  rabbit  may  lie  not  in  the  replenishment  of  the  flora  of  the  digestive 
tract  per  os,  but  in  bacterial  synthesis  of  some  substance  important  for 
the  nutrition  of  the  rabbit.  The  growth  rate  of  rabbits  kept  in  cages  that 
prevented  coprography,  was  reduced  when  the  diet  was  hat  and  roots; 
inclusion  of  fresh  grass  in  this  ration  allowed  normal  growth  although  it  was 
inadequate  for  guinea-pigs  and  mice  which  died.  How  these  two  types  of 
feces  are  formed  is  not  known,  but  it  has  been  observed  that  the  rabbit  re¬ 
ingests  the  soft  type  of  feces,  or  most  of  them,  and  excretes  the  hard  type. 
The  interpretation  offered  for  this  remarkable  habit  is  that  the  rabbit  gains 
bacterial  protein  and  B  vitamins  by  eating  the  soft  feces.  The  physiology  of 
this  process  is  most  obscure.  There  seems  to  be  no  distinct  separation  of  food 
in  the  alimentary  tract  during  its  first  and  second  passage  through  the  gut, 
as  was  at  first  thought,  for  barium  fed  to  rabbits  has  been  found  to  pass 
through  the  gut  once,  twice,  or  even  three  times.  This  being  so,  it  may  be 
that  there  is  a  rhythm  of  activity  in  the  large  intestine  whereby  digesta  in 
the  caecum  can  pass  to  the  anus  rapidly  or  slowly.  If  it  passes  rapidly ,  the 
soft  type  of  feces  appear  which  are  reingested;  if  it  passes  slowly,  then  hard, 
dry  feces  appear.  The  rate  of  passage  therefore  may  be  the  important  factor 
in  determining  how  much  of  the  nitrogen  in  the  digesta  appears  in  the  feces, 
and  if  this  is  so  then  it  seems  that  some  of  the  bacterial  nitrogen  may  be 
made  available  to  the  host,  provided  that  there  is  sufficient  time  and 
opportunity  for  desiccation  even  without  reingestion. 

The  occurrence  of  refection  in  the  rat  and  in  the  pig  is  not  necessarily 
associated  with  the  reingestion  of  feces.  The  essential  point  seems  to  be  the 
appearance  of  a  certain  type  of  flora  in  the  caecum  which  will  synthesize 
B  vitamins;  this  is  associated  with  the  feeding  of  raw  potato  starch  to  non¬ 
ruminants.  The  tact  that  an  otherwise  B-deficient  diet  can  be  supp 
Inted  by  this  means  implies  that  extracellular  B  vitamins  are  formed 

which  can  be  absorbed  by  the  host. 

The  large  intestine  as  an  organ  of  digestion  has  been  large  y  g  • 
Considering  its  importance  in  herbivores  and  even  possibly  in  man. 
remains  an  interesting  zone  for  reseaich. 

VIII.  The  Intestinal  Flora  of  Man 
1.  General  Discussion 

Tn  iq07  Schmidt  reviewing  the  existing  knowledge  at  that  time,  stated 
that  the  chemtf^rocesses  wMch  occur  in  the  decomposition  of  the  chyme 

t.  rrtrk.Tnld"  drrii.  ,es.  PHysiol.  ers)  263.  .73 

(1951).  _  ,  and  Practical  Medicine,  Wm.  Heine- 


120 


12*  A  Schmidt  in  Van  Noorden,  Metabolism 
mann,  London,  1907,  Vol.  2,  p.  169. 


MICROBIOLOGY  OF  DIGESTION 


153 


in  the  intestines  are:  fermentation  of  carbohydrates,  “putrefaction”  of 
protein,  and  conversion  of  the  fats  into  the  lower  fatty  acids.  It  was  also 
stated  that  fermentation  of  carbohydrates  takes  place  normally,  both  in 
the  lower  part  of  the  small  intestine  and  in  the  colon,  but  that  “putrefac¬ 
tion”  of  protein  occurs  exclusively  in  the  large  intestine.  The  ileocaecal 
valve  was  considered  to  form  a  sharp  line  of  demarcation,  above  which 
“putrefaction”  of  protein  never  occurred,  except  under  abnormal  condi¬ 
tions.  In  the  caecum  and  in  the  ascending  colon,  which  were  the  sites  of 
most  active  decomposition,  fermentation  and  “putrefaction”  were  regarded 
as  taking  place  together.  The  latter  was  believed  to  exceed  the  former, 
then  to  decrease  again  in  the  last  portion  of  the  colon,  where  the  feces 
become  inspissated.  In  correspondence  with  this  the  bacteria  which  flour¬ 
ished  abundantly  in  the  caecum  were  stated  to  diminish  gradually  in  num¬ 
bers  further  do^vn  the  tract. 


The  term  “putrefactive”  later  gave  way  to  “proteolytic,”  but  this  did 
not  clarify  matters,  for  no  sharp  distinction  has  apparently  be  made  be¬ 
tween  proteolytic  and  saccharolytic  bacteria,  at  least  in  the  feces.122 

Although  vitamin  synthesis  will  be  discussed  elsewhere,  it  should  be 
noted  that  just  as  the  bacteria  of  the  ruminant  and  other  herbivores 
synthesize  vitamins  in  substantial  amounts,  so  it  is  highly  probable  that 
in  man  vitamins  K,  B  complex,  and  E  are  S3mthesized  in  amounts  which 
help  to  meet  requirement.  Indeed  some  evidence  for  this  already  exists. 
On  the  other  hand,  certain  intestinal  bacteria  destroy  vitamins,  e.g.,  vita¬ 
min  C  and  nicotinic  acid.  ’ 

In  rats  it  has  been  found  that  the  giving  of  large  quantities  of  lactose  or 
dextrin  in  the  diet  can  cause  the  intestinal  flora  so  to  change  that  it  con¬ 
tains  90%  or  more  of  aciduric  bacillid^s-iM  xhese  two  carbohydrates  are 
acted  upon  very  slowly  and  consequently  probably  pass  to  the  large  in¬ 
testine  where  they  are  acted  upon  by  the  aciduric  bacilli— notably  Locto- 
acidophilus— mth  the  formation  of  a  large  amount  of  lactic  acid; 

pr^ted^^lalterir  " 

Schmidt-'  described  the  products  of  fermentation  of  carbohydrate  as 
volatiljTtt  dioxide,  hydrogen  and  methane  and  lower 

wdl.  The  fermentation  products  that  were  not  absorbed  were  eweted 
either  mixed  with  the  feces  or  as  flatus.  ‘Tutrefaction"  of  protein  pcXei 

Intestinal  Flora  w'ith*Speciai*'liefc'’  ^  ‘be  Transformation  of  the 

New  Haven,  1921  quoted  bv  G  S  Implantation  of  Acidophilus, 

-  P.  R.  Cannon  and  B  W  M^tse  J  llVf  ^  '22- 

-  R.  Cruickshank,  BnL  Exptl.  Path. 
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ammonia,  hydrogen  sulfide,  carbon  dioxide,  and  hydrogen  and  also  a  num¬ 
ber  of  characteristic  bodies  such  as  the  aromatic  oxy  acids  phenol,  indol, 
and  skatol.  These  last  were  also  absorbed  by  the  intestinal  wall  and  part 
of  the  gases  were  said  to  be  lost  in  the  expired  air. 

Between  this  older  literature  and  recent  observations  there  is  little  of 
importance  to  describe,  but  in  1946  Baker  and  Palmer^*®  showed  that  the 
human  caecum  and  colon  have  an  abundant  iodophile  population  (giant 
Clostridia,  giant  diplococci,  slender  vibrios,  small  rods  and  cocci,  etc.). 
These  microorganisms  were  seen  on  the  surfaces  and  in  the  interior  of 
ingested  plant  structures  but  not  on  intact  or  partially  digested  muscle 
fibers,  pointing  to  a  specific  relationship  to  decomposition  of  vegetable 
material,  and  further  observations  suggested  their  capability  of  attacking 
true  cellulose.  From  comparative  observations  on  other  omnivora  it  would 
be  reasonable  to  assume  that  lower  volatile  fatty  acids  are  produced,  B 
vitamins  are  synthesized,  and  extracellular  enzymes  are  liberated.  Although 
there  is  no  direct  evidence  of  absorption  of  these  fermentation  products, 
it  is  presumed  that  they  are  of  value  to  the  organism  and  in  the  case  of 

the  B  vitamins  may  reduce  requirements. 

Adult  human  beings  are  not  so  constructed  that  they  can  exist  on  diets 
leaving  no  residue,  or  even  so  little  a  residue  as  milk  provides.  Habituation 
to  a  vegetarian  diet  may  be  thought  to  bring  with  it  an  improvement  m 
the  so-called  utilization  of  such  food,  but  it  will  be  remembered  that  Voit  s  “ 
laboratory  man  made  just  as  good  use  of  such  food  as  a  vegetarian  of  many 
years’  standing.  Owing  to  its  “wrapping”  of  cellulose,  vegetable  protein  is 
not  generally  so  fully  used  as  animal  protein.  Rubner  found  m  the 
human  subject  on  a  diet  of  3077  g.  peeled  potatoes  taken  Gutter 
vinegar,  and  oil,  32.2%  of  the  nitrogen  was  lost  in  the  feces  and  .  % 

*Whe're  is  much  cellulose  or  starch  which  has  escaped  digestion 

higher  up  there  is  considerable  microbial  activity  in  the  large 

The  eLTof  low  tat  intakes  and  of  crude  fiber  has  been  st»d>ea  by 
Walker''’*  by  means  of  balance  studies  on  a  healthy  ® 

'C  increase  was  made  in  the  crude  fiber  content  o  iS  o 

amount  of  fecal  fat  excreted  detectably  increased.  This  was  consiueien 
to  have  In  derived  directly  from  the  food.  The  possibility  was  raised  by 

126  F.  Baker  and  B.  Palmer,  Nature  157,  412  (1946). 

127  C.  Voit,  Z.  Biol.  25,  232  (1889). 

128  R.  Rubner,  Z.  Biol.  19,  45  , 

129  A.  R.  P-  Walker,  Nature  164,  825  (1949). 
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intestinal  upset  characterized  by  loose  stoolsd^o  In  chronic  constipation  the 
fecal  losses  are  said  to  drop  to  75  to  50  %  of  that  observed  in  normal  diges¬ 
tion.  It  is  presumed  that  there  is  more  time  for  microbial  activity  and  ab¬ 
sorption  of  the  products  of  the  activity.  Toscani  and  Whedoid®^  found  that 
in  normal  subjects  even  on  a  constant  dietary  regime  and  with  regularity 
in  bowel  movements,  there  was  a  considerable  variation  in  fecal  nitrogen. 
However,  it  is  suggested  by  these  authors  that  variation  in  fecal  nitrogen 
is  less  marked  in  the  same  individuals  than  among  the  several  individuals 
on  the  same  dietary  intake. 


2.  Intestinal  Flora  in  Infancy  and  Resistance  to 

Infection 


It  has  been  shown  that  breast-fed  infants  have  a  decided  advantage 
over  bottle-fed  infants  in  their  resistance  to  mfections  of  various  kinds. ^*2. 
133, 134  resistance  is  most  striking  in  gastroenteritis  of  infancy  which 
rarely  affects  a  breast-fed  child.  Recent  work  has  demonstrated  that  infan¬ 
tile  gastroenteritis  is  intimately  associated  with  certain  types  of  B. 

In  1925,  Cruickshank'”  showed  that  B.  coli  fails  to  grow  in  a  medium  the 


pH  of  which  is  more  acid  than  5.0,  and  it  does  not  survive  if  grown  in  asso¬ 
ciation  with  Lactobacillus  bijidus  in  a  carbohydrate-containing  medium. 
Such  a  finding  supports  the  view  that  the  acid  pH  and/or  lactobacillary 
flora  of  the  intestinal  contents  of  the  breast-fed  child  may  be  inhibitory  to 
the  growth  of  the  types  of  B.  coli  which  are  associated  with  diarrhea  and 
vomiting  of  infancy.  Such  a  mechanism,  mediated  through  intestinal  en¬ 
vironmental  conditions,  would  result  in  an  “immunity”  localized  to  the  in¬ 
testinal  tract.  On  the  other  hand,  it  is  possible  that  the  biological  value  of 
lactose  and/or  a  lactobacillary  flora  discussed  above  may,  in  the  breast-fed 
chfld,  play  a  part  in  maintaining  a  more  general  resistance  to  infection. 

From  a  consideration  of  the  predominance  of  Lactobacillus  bifidus  in  the 
eces  of  breast-fed  but  not  of  artificially  fed  infants,  a  chromatographic 
tudy  was  made  by  Ross‘»  of  the  ammo  acids  in  the  feces  of  breast-fed 
and  art.fic.ally  fed  (dried  milk)  infants.  In  the  breast-fed  infantTfect, 

""  /  ”■ 

2  V.  Toscani  and  G^D^Whedon,  J.  Nutrition  46,  119  (1961). 

0934)  '  J-  Aosoc.  103,  735 

”  O.  B.  Cordua,  Arch.  Pediat.  62,  845  (1935') 

-  963  (1941). 

J.  Bray,  J .  Path.  Bad.  57,  239  (1945) 

2  i  f  •  'y-  J-  Wright,  Brit.  Med.  J  2  117  (1940^ 

R.  Crmckshank,  /.  H,,.  Carnb.,  24,  241  (1925).  '  '  ^ 

tv.  A.  Boss,  Lancet  258,  716  (1950). 
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alanine,  glycine,  glutamic  acid,  valine,  and  leucine  were  always  present; 
serine,  threonine,  aspartic  acid,  and  one  or  more  of  the  lysine,  ornithine, 
and  arginine  group  were  usually  present.  In  the  feces  of  the  artificially 
fed  infant  only  valine  was  present  in  all  samples;  glutamic  acid,  leucine, 
alanine,  and  glycine  were  frequently  present,  and  occasionally  traces  of 
lysine  and  aspartic  acid. 

Of  75  infants  admitted  to  hospital  with  a  diagnosis  of  gastroenteritis, 
Ross^^®  found  that  those  showing  a  large  proportion  of  Gram-negative 
organisms  in  their  fecal  smears  were  very  ill. 


3.  Sprue,  Idiopathic  Steatorrhea,  and  Coeliac  Disease 

In  these  conditions  of  unknown  origin  the  feces  contain  excessive  amounts 
of  fatty  acids  and  calcium  soaps,  owing  to  inability  to  absorb  the  normally 
hydrolyzed  fat.  Because  of  this  there  is  a  secondary  loss  of  minerals  such 
as  calcium,  phosphorus,  and  iron,  and  a  deficiency  develops,  particularly 
of  the  B  group  of  vitamins. 

From  an  examination  of  a  large  number  of  cases  of  persistent  steatorrhea 
(coeliac  disease)  in  children,  Anderson™  found  two  additional  objective 
findings  of  importance.  There  were  (1)  a  deficiency  of  amylase  m  the  duo¬ 
denal  juice  and  (2)  an  excess  of  starch  in  the  feces  when  starch  was  givein 
Difficulty  in  digesting  starch  was  a  constant  finding  in  this  condition,  and 
these  observations  have  been  used  to  suggest  the  ratioimle  for  a  diet  “g 
in  protein,  low  in  starch,  and  with  “abundant  vitamins.  Such  a  diet  ap- 

pears  to  be  well  tolerated.  .  . 

From  our  knowledge  of  starch  digestion  m  other  environmen  s,  it  is 
presumed  that  if  these  findings  be  general  then  the  failure  to  digest  starch 
through  the  normal  digestive  channels  may  well  be  accompamed  by  con¬ 
siderable  microbial  activity  in  the  large  intestine,  extending  to  highei  eve 
in  the  small  intestine  and  possibly  with  biosynthesis  of  vitamins. 

on  Dietetics  at  Amsterdam,  the  decisive  factor  is  t  e  p 

139  C.  A.  Ross,  Brit.  Med.  J .  1»  465  (1950). 

140  D  H.  Anderson,  J.  Pediat.  30,  564 

and  J.  M.  Smellie,  Lancet  1,  836  (1952). 
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IX.  Antibiotics 


It  has  been  established  that  the  value  of  orally  administered  aureomycin 
or  other  broad  “spectrum”  antibiotics  for  infective  states  in  the  field  of 
human  medicine  is  countered  by  their  seemingly  greatest  potential  weakness 
as  therapeutic  agents,  namely  their  ability  to  induce  a  measure  of  “steriliza¬ 
tion”  of  the  alimentary  tract.  It  is  reported  that  patients  subjected  to 
continuous  treatment  by  the  oral  route  may  develop  diarrhea  with  a  heavy 
growth  of  Candida  albicans  in  their  feces.  The  end  situation  of  “cure”  may 
be  coupled  with  side  effects  which  are  sometimes  as  disagreeable  as  the 
initial  disease,  and  occasionally  deaths  due  to  Candida  infections  (monilia¬ 
sis)  may  result. 

It  is  to  be  noted  that  aureomycin  and  penicillin  have  been  considered  to 
have  some  therapeutic  value  in  the  treatment  of  Addisonian  pernicious 
anemia.^^^'  The  suggestion  is  that  the  change  in  intestinal  flora  produced 
by  these  antibiotics  may  involve  the  appearance  of  organisms  which  synthe¬ 
size  hemopoetic  material,  or  the  suppression  of  organisms  which  either  use 
up  or  interfere  with  the  absorption  or  utilization  of  hemopoetic  substances. 
In  this  connection  particular  interest  is  centered  on  vitamin  B12  and  folic 
acid.  Thus  Dyke  and  Hind^^e  have  shown  that  certain  types  of  lactobacilli 
present  in  the  intestinal  tract  can  produce  vitamin  B12.  There  is  as  yet, 
however,  no  evidence  that  vitamin  B12  can  be  absorbed  from  the  large 
intestine,  and  the  precise  role  played  by  vitamin  B12  in  the  etiology  of 
pernicious  anemia  is  still  uncertain.  It  should  also  be  recorded  here  that 
Frazer  has  pointed  out  that  in  sprue  there  is  a  heavy  invasion  of  the 
small  intestine  with  organisms  from  the  colon.  He  suggests  that  the  vitamin 
B  deficiencies  and  hemotological  changes  found  in  this  disease  may  arise 

from  competition  between  the  host  and  the  abnormal  flora  for  these  vita¬ 
mins. 


In  the  treatment  of  patients  with  the  antibiotics  aureomycin,  chlor¬ 
amphenicol,  and  terramycin  certain  complications  have  been  reported  which 
ave  been  ascribed  to  vitamin  B  deficiency— the  result  of  bacterial  destruc- 
tion  that  interferes  with  the  normal  production  of  the  vitamin  B  complex 
Hams-  and  Tomassewski.«  found  that  these  complications  were  less  severe 
when  patients  were  receiving  vitamin  B  complex.  It  has  also  been  argued 

MytlSicIl’s^teTy  America.  Presidential  address  to  the 

:  ||:  -  - 
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that  the  emergence  of  a  fungal  flora  in  the  bowel  might  explain  the  changes 
which  occur.  But  milder  effects  have  shown  very  considerable  promise, 
particularly  in  the  field  of  lower  animal  nutrition.  This  interesting  field  of 
development  stems  back  to  the  observations  of  Stokstad  et  al.  (1949),^®“ 
and  Stokstad  and  Jukes  (1950),^^^  which  demonstrated  the  profound  growth 
stimulation  in  birds  and  other  animals  of  oral  aureomycin  over  and  above 
that  due  to  associated  vitamin  B12  where  animal  protein  factor  supplements 
of  the  fermentation  industry  were  used  in  the  test.  To  aureomycin  there  has 
now  been  added  terramycin,  penicillin,  and  bacitracin.  Polymyxin  D  has 
been  shown  to  exert  some  growth  stimulation  in  chicks.  Streptomycin  may 
be  used,  but  optimal  levels  for  this  and  the  other  antibiotics  are  still  uncer¬ 
tain,  particularly  in  relation  to  stage  of  growth. 

In  the  presence  of  the  antibiotic  the  amount  of  vitamin  B12  requiied  is 
often  reduced,  the  antibiotic  appearing  to  exert  a  “sparing  action.”  This 
does  not  obviate  the  need  of  a  dietary  source  of  this  factor  for  normal 
growth  in  young  animals  or  for  reproduction.  Nor  does  the  feeding  of  vita¬ 
min  Bi2  and  antibiotics  at  optimal  levels  appear  to  alter  the  need  for  other 

members  of  the  B  complex.  ,  •  1  j  • 

In  addition  to  improved  growth  responses  in  young  rats,  birds,  and  pigs, 
it  is  claimed  that  supplementing  the  diet  with  an  antibiotic  benefits  young 
calves.  As  the  commensal  microorganisms  of  the  rumen  play  an  important 
role  in  older  animals,  it  is  not  unexpected  to  find  evidence  that  an  antibiotic 
such  as  aureomycin  interferes  with  the  pattern  of  the  normal  flora  suffici¬ 
ently  to  alter  the  course  of  microbial  digestion  m  these  older  amma  s. 

The  general  trend  of  experiments  with  pigs  and  poultry  in  t  e  ni  e 
States  has  indicated  that  faster  and  more  economic  growth  is  obtained  and 
that  earlier  marketability  is  attained  without  loss  m  meat  quality  The 
animals  have  also  been  found  to  be  less  subject  to  enteric 
has  stated  that  the  practical  level  for  aureomycin  for  feeding  is  about  10  g. 
ner  ton  of  feed  The  levels  for  procaine  penicillin,  bacitracin,  and  eiramyc 

r^about  the  same.  Investigators  in  the  United  ^ 

stnve  in  their  experience  of  antibiotics  in  relation  to  their  feeding  practice 
InTmlS-n?  have  found  that  the  addition  of  ^0— or  a— 
to  the  diet  of  fattening  pigs  results  i  Increase  in 

effictncy^f  fedtmiv™ln'rf  0  %.  When  the  diet  is  poorer  qualita- 

T  Ti-  AC'  P‘ifrp  Tr  and  A.  Ij.  tranklin, 

150  E.  L.  U.  Stokstad,  T.  H.  Jukes,  J.  Pierce,  A.  C.  1  age,  Jr., 

J.  Biol.  Chem.  180,  647  (1949).  ,  ,  73,523  (1950). 

151  E.  L.  R.  Stokstad  and  T.  II.  Jukes, /  roc.  Biol.  Med. 

152  M.  C.  Bell,  C.  K.  Whitehair,  and  W.  D.  Oallup,  1 


’84  (1951).  .  Coppnrl  Presentation,  Proceedings  of  the 

153  T.  H.  Jukes,  Nutrition  Symposium  Se  American  Feed  Manu- 


76,  284  (1951). 

se  rtm’ror^lurcou.  American  Keeil  Mann- 
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lively  but  not  quantitatively,  e.g.,  by  exclusion  of  fish  meal,  the  degree  of 
improvement  is  greater.  No  evidence  of  deterioration  in  carcass  quality 
has  resulted  from  the  inclusion  of  either  of  these  two  antibiotics,  nor  is  it 
considered  that  the  meat  obtained  from  these  animals  will  have  any  adverse 
effect  on  human  beings. 

The  full  potentiality  of  these  antibiotics  is  appreciably  reduced  by  a 
restrictive  scale  of  feeding.  Unthrifty  weanling  pigs  often  respond  remark¬ 
ably  to  antibiotic  supplementation,  and  scouring  is  frequently  controlled, 
but  an  antibiotic  will  not  make  a  bad  ration  good. 

Although  not  knovii  to  be  harmful,  antibiotic  feed  supplements  are  not 
recommended  for  use  in  rations  of  breeding  stock  on  the  basis  of  lack  of 
response  and  cost.  According  to  some  Canadian  workers,  antibiotic  supple¬ 
ments  appear  to  spare  protein,  as  pigs  on  a  13%  protein  ration  with  anti¬ 
biotic  grew  as  rapidly  as  those  on  a  17  %  protein  ration  without  antibiotic. 
The  largest  profit  on  feed  costs  in  the  Canadian  experiment  resulted  when 
a  ration  containing  15  %  protein  with  antibiotic  was  fed  during  the  growing 
period  to  110  Ib.^^^  According  to  Robinson  of  the  Department  of  Agriculture 
of  Queen’s  University,  Belfast,  antibiotics  increase  the  digestibility  of 
protein  by  pigs.  There  is  accumulating  evidence  from  the  United  States 
that  these  antibiotic  supplements  are  also  useful  in  rations  for  artificial 
feeding  of  suckling  pigs. 


Carpenter  and  Duckworth^^®  found  that,  although  growth  in  chicks 
could  be  accelerated  considerably  by  aureomycin,  by  21  weeks  of  age  they 
were  only  8  %  heavier,  and  they  did  not  come  into  lay  any  earlier  nor  was 
their  level  of  egg  production  or  size  advanced. 

The  recent  findings  of  the  research  groups  at  the  National  Institute  for 
Research  in  Dairying  and  Glaxo  Laboratories  are  most  interesting.  They 
found  that  birds  housed  in  accommodation  where  poultry  had  not  previ- 
ously  been  kept  showed  good  growth  and  no  response  to  penicillin,  whereas 
birds  of  the  same  origin  and  on  the  same  diet  living  in  an  established  poultry 
bu.  d.„g  showed  as  good  growth  only  when  procaine  penicillin  was  added 
to  their  dief  •  Davis  and  Briggs  also  failed  to  obtain  a  response  with 
ckcks  housed  in  new  quarters.-'  This  suggests  that  the  effect  of  an  anti¬ 
biotic  may  vvell  depend  on  the  release  of  an  inhibition  caused  by  a  low-grade 

m  (Coates  )  has  provided  evidence  that  this  infection  is  transmissible 

;;  Pa'jnw:;:oTLTelL:u!l:er':^  2,  7.  and  9,  De- 

:::  -  d..  a!  draS.--’ 

Belfast  Meeting  of'^British  We  ITo'  « 
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and  is  counteracted  by  an  antibiotic  such  as  penicillin.  It  must  be  recorded 
that  no  sign  of  infection  other  than  a  slight  growth  depression  has  ever 
been  observed.  It  was  also  reported  by  these  British  workers  that  Reyniers 
and  his  group  have  found  no  response  to  an  antibiotic  in  germ-free  animals. 
This  observation  fits  the  findings  of  Coates  et  and  raises  the  question  of 
general  hygiene  and  the  effect  of  a  low-grade  endemic  infection  adversely 
affecting  growth  and  production  in  certain  situations.  Thus  antibiotics 
would  appear  to  be  most  generally  effective  where  there  is  suboptimal 
nutrition  due  to  a  low-grade  infection,  or  because  they  directly  or  indirectly 
supply  some  as  yet  unidentified  factor.  The  nature  of  the  responsible  or¬ 
ganism,  if  that  is  the  agent,  has  not  been  determined.  It  should  be  noted  m 
passing  that  penicillin  fed  at  the  rate  of  6.8  mg.  per  pound  of  feed  inhibited 
the  development  of  Ascaridia  galli  in  the  intestine  of  chickens.^®® 

An  unexpected  finding  occurred  in  an  in  vitro  study  of  the  effect  of  peni¬ 
cillin,  streptomycin,  neomycin,  and  Chloromycetin  on  cellulose  digestion 
in  rumen  contents.  In  the  concentrations  used,  penicillin  stimulated  the 
cellulolytic  rumen  microorganisms.  At  the  lower  concentrations,  neomycin 
was  stimulatory  in  all  concentrations;  streptomycin  was  slightly  stiinula- 
tory  in  the  lowest  concentrations;  and  Chloromycetin  adversely  affected  the 

microorganisms.^®®  . 

Antibiotics  decrease  dietary  requirements  for  certain  vitamins;  e.g., 
chicks  need  less  vitamin  B12  and  rats  less  vitamin  Bi  if  they  receive  peni¬ 
cillin  But,  as  the  effect  of  the  antibiotic  can  apparently  occur  m  tie 
presence  of  a  diet  containing  all  known  requirements  of  vitamins,  it  seems 
unlikely  that  the  action  of  the  antibiotic  is  through  limitation  of  the  com¬ 
petition  of  microorganisms  for  these  nutrients.  W.  ,1.  F.  Cuthbertson  has  i 
cently  pointed  out  that,  should  normal  practical  “Sc 

amounts  of  some  unidentified  growth  factors  the  f 
could  be  explained  as  involving  a  decrease  in  the  need  foi  these  ‘“to  . 
The  addition  of  a  rich  source  of  unidentified  factor  to  the  diet  should  m 

support  his  view  that  antibiotics  may  act  by  deceasing 

growth  factors  as  yet  ,vhich  Stokstad  and 

It  is  difficult  to  appreciate  fully  „ureomycin  as  measured 

Jukes‘“  found  in  chicks  with  cultures  m  which  the  aureomyci 

a.  A.  C.  Todd,  Poultry  S.  Churchill,  and  C.  F.  Huffman,  J. 

R.  H.  Wassermann,  C.  W.  Duncan,  rj. 

Dairy  Set.  36,  571  (1952).  Antibiotics  in  Animal  Nutrition 

W.  J.  F.  Cuthbertson,  Report  on  b>iscussi  . 
at  Belfast  Meeting  of  British  Association.  Sept.  9,  1J52, 
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by  antibiotic  potency  was  destroyed  by  alkaline  hydrolysis.  Recent  informa¬ 
tion  on  somewhat  comparable  effects  through  the  administration  of  surface 
acting  agents  makes  for  caution  in  interpretation. 

The  experiments  of  Dixon  and  Thayeri®^  indicate  that  intramuscular 
injections  of  aureomycin  and  procaine  penicillin  G  are  effective  in  enhancing 
growth,  possibly  by  gaining  access  to  the  bowel,  and  that  functional  caeca 
are  not  essential  for  the  growth-promoting  action  in  the  bird. 

In  all  this  work  it  is  very  necessary  to  appreciate  the  influence  of  (1)  the 
general  system  of  hygiene  and  possibility  of  low-grade  infection  obtaining 
in  the  unit  investigated,  (2)  the  possibility  of  hitherto  unidentified  factors, 
and  (3)  the  character  of  the  basal  diet  in  respect  to  its  quality  and  quan¬ 
tity.  For  example,  the  nature  of  the  starch  in  the  diet  can  influence  pro¬ 
foundly  the  amount  of  carbohydrate  reaching  the  caecum  and  the  activities 
of  the  microflora  there,  and  the  basal  diet  may  itself  contain  some  anti¬ 
biotic  material.  In  a  personal  communication  E.  W.  Crampton  advised  the 
authors  that  “our  observation  has  been  that  where  fishmeal  has  been  in¬ 
cluded  in  the  ration  in  reasonable  quantities,  there  has  been  very  little 
effect  from  antibiotic  added  in  addition.”  This  is  possibly  due  to  some 
fermentation  during  storage.  Crampton  points  out  that  there  should  be 
both  a  good  ration  and  a  poor  ration  in  each  experiment  with  an  anti¬ 
biotic,  for  where  the  rations  have  been  good  the  results  of  feeding  have 
usually  been  of  the  order  of  10  to  20  %  whereas  if  the  ration  is  obviously 
deficient  in  many  things  the  effects  may  be  as  high  as  40  to  45  %.  But  it  is 
unwise  practice  to  rely  on  antibiotics  to  make  a  poor  diet  good,  though 
they  do  exert  part  of  their  beneficial  effect  by  economizing  on  certain 

vitamins.  Their  best  role  probably  lies  in  the  rapidly  growing  period  of 
life. 


What  seemed  an  interesting  development  appeared  to  follow  the  surmise 
that  since  the  non-iomc  detergents  are  akin  in  chemical  structure  to  certain 
antibiotics  they  might  possibly  have  a  comparable  action  on  the  growth  of 
arm  animals.  The  earlier  information  reported  supported  this.'“'  But 
on  wider  trial  the  beneficial  effects  have  not  been  substantiated.  The  writers 
cannot  but  be  dubious  of  the  ultimate  benefit  to  be  derived  by  agriculture 
fiom  such  agents,  tor  experience  indicates  that  there  is  generally  a  natural 

d'^sturbed™  '>'-ga''ism  to  establish  the  Mm  quo  ante  when 
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1.  Introduction 

Our  knowlerlge  of  invertelirate  nutrition  is  very  fragmentary  indeed.  Of 
tlie  many  attempts  to  culture  memliers  of  the  phyla  of  invertebrates, 
relatively  few  have  vielded  results  which  contribute  useful  biochemical  in¬ 
formation.  'I'hese  few  cases  are  drawn  mainly  from  the  Protozoa  and  he 
Insecta.  The  verv  fact  that  aseptic  culture  is  often  difficult  or  impossdi 
to  obtain  inilicates  our  ignorance  of  many  conditions  and  biochemical 
factors  of  importance  in  the  nutrition  of  organisms. 

Nutritional  studies  on  aquatic  forms  are  usually  of  little  value  u 
forms  are  cultured  in  the  absence  of  associated  microorganisms.  Onij  then 
can  one  arrive  at  conclusions  regariling  the  limitations  of 
zvLs  which  is  the  real  core  of  the  science  of  nutrition  Pi.re  cultures 

(Lcte’ria-free)  have  been  obtaineil  with  a  small 

organi.sms  (true  Protozoa),  but,  with  one  exception.  “ 

extracts  of  natural  materials  are  nece-ssary  to  maintain  groivth.  Ihi. 
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situation  in  all  other  invertebrates  so  far  reported,  with  the  single  exception 
of  Drosophila,^  and  even  in  this  case  certain  unknowns  of  nutritional  im- 
jiortance  are  possible  contaminants  of  agar,  cholesterol,  lecithin,  and  com¬ 
mercial  nucleic  acid. 

Valuable  information  along  nutritional  lines  has  been  obtained  in  cer¬ 
tain  insect  species  where  food  materials  are  taken  in  the  dry  state  by  the 
organisms.  Under  these  conditions  bacterial  and  fungal  growth  is  greatly 
reduced  and  the  synthetic  capacities  of  the  microorganisms  cannot  be  fully 
exploited  by  the  insect  under  study.  Even  in  these  cases,  no  really  defini¬ 
tive  conclusions  can  be  made  regarding  the  quantitative  aspects  of  nu¬ 
tritional  requirements,  owing  to  possible  contributions  from  intestinal  mi¬ 
croorganisms. 

ITp  to  the  present  time  discussions  of  comparative  nutrition  have  dealt 
almost  exclusively  with  tlifferent  species  of  vertebrates,  most  frequently 
birds  anti  mammals.  Many  of  the  observations  upon  which  these  discussions 
were  based  appear  to  be  open  to  qualifications,  owing  to  the  unknown  con¬ 
tributions  of  intestinal  flora  and  fauna.  These  qualifications  will  assume 
most  importance  in  quantitative  evaluations  of  nutritionally  active  com¬ 
ponents  of  the  diet  required  in  minute  amounts  for  metaliolism.  This 
problem  has  been  recognized  for  some  time,  and  one  method  in  common 
use  to  minimize  the  contributions  of  intestinal  microorganism  is  to  diminish 
their  numbers  by  administration  of  sulfonamides  and/or  antibiotics.  One 


may  question  this  type  of  iirocedure  as  possibly  producing  abnormal  re¬ 
sponses  in  the  animal  under  study,  but  on  the  whole  it  may  be  justifiable 
until  caieful  and  ciitical  work  is  done  on  bacteria-  and  fungus-free  experi¬ 
mental  vertebrates. 

The  present  review  will  deal  with  reports  on  the  nutrition  of  those 
invertebrates  in  which  it  has  been  found  possible  to  control  or  to  minimize 
the  chemical  contributions  of  bacteria,  yeasts,  and  molds.  Various  reports 
where  such  control  was  lacking  have  been  included  in  previous  reviews.^.  ^ 
Exchismn  of  the  “plant  flagellates”  seems  justified.  On  morphological 
grounds  Calkins^  rejected  all  chlorophyll-bearing  flagellates  and  their  close 
relatives  from  the  phylum  Protozoa,  retaining  only  the  animal-like  micro- 
organisms.  This  stand  has  rarely  been  followed  by  systematists  Most 
per.st  m  classifying  the  -plant  flagellates”  among  the  IVotol:'!  in  ix, 
logical  works  and  as  lower  plants  in  botanical  works.  Although  one  certainly 
recoginzes  the  structural  relationships  between  these  organiLs  an,l  yn i  a^ 
an.mal  flagellates,”  an.l  also  their  evolntionao-  relationships,  nevertlele^ 

j  W.  tCu  KoT.'St, 

’co/phrdeipWriS"’  I’l'yslology,  W.  B.  Saunders 

•  G.  N.  Calkins,  Biology  of  the  Protosoa,  Lea  and  Febiger,  Philadelphia,  1933. 
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the  nutritional  patterns  which  have  been  discovered  make  a  discussion  of 
the  “phytoflagellates”  as  invertebrates  inappropriate.  For  rather  recent 
reviews  on  the  biochemisti’y  and  nutrition  of  these  interesting  organisms, 
reference  may  l)e  made  to  Lwoff^  and  to  Hutner  and  Provasoli.®  The  types 
which  it  seems  justifiable  to  include,  therefore,  will  be  members  of  the 
phylum  Protozoa  (in  terms  of  Calkins)  and  all  the  other  phyla  of  the 
animal  kingdom  save  the  Chordata.  Although  the  number  of  groups  here 
encompassed  is  large  indeed,  the  number  of  investigations  of  a  nutritional 
nature  is  limited  to  very  few  types. 


11.  Protozoa  (Animal  Microorganisms) 

A  number  of  extensive  reviews  on  the  biochemistry  and  nutrition  of  the 
various  groups  of  Protozoa  have  been  written,  some  rather  recently.'^’®'® 
Although  very  few  species  of  this  large  phylum  of  animals  have  been 
studied  biochemically,  some  interesting  information  is  available  for  each 
major  subdivision.  For  only  one  genus,  Tetrahymena,  do  we  have  complete 
information  on  nutritional  requirements,  however. 


1.  ZOOMASTIGOPHORA  (AnIM.-^^L  Fl.\GELLATES) 

In  the  animal  flagellates,  we  find  our  knowledge  of  a  biochemical  nature 
limited  largely  to  two  families,  the  Tiypanosomidae  (class  Protomastigota) 
and  the  Trichomonadidae  (class  Metamastigota).  There  are  two  reasons 
why  representatives  of  these  families  have  yielded  some  biochennca  in¬ 
formation  The  members  are  all  parasites  and  it  has  been  found  possible  to 
achieve  asepsis  fairly  readily;  and  tliere  are  important  pathogenic  parasites 
of  mammals,  including  man,  in  each  group.  The  wealth  of  free  living  forms 
that  exist  offer  important  material  for  future  investigations. 

a  Trypanosomidae.  (1)  Hemalin.  Proliably  the  oldest  and  best-knoun 
nutritional  requirement  of  the  parasitic  genera  rrypanosoma  and  Tm/i- 
mania  is  blood.  Xovy  and  MacNeah”  succeeded  in  culturing  ?  ^  ^1 
the  rat  and  T.  brucci  from  cattle  on  blood  agar,  and  /o  te  « 

the  stimulatory  action  of  tlie  blood  fraction.  In  1033,  M.  ImoH  reported 
the  grondh  of  Strigomonas  fascicuhta  from  the  digestive  tract  of  the  ni 

:  ^  - 

.  Tw.  Sel'a’llwoff,  Uiocheniistry  and  fli.vsioiogv  of  Froto.oa,  Academic 

•  aw.  Stertnd’v.'c.  Dewey,  .n  LwolT,  Hiocl.emistry  and  Physiology  of 

Protozoa,  Academic  Pr^ss  New  2_  256  (,(,50). 

10  F.  G.  Novy  and  W.  J.  MaciNea  ,  j 

11  G.  Zotta,  Compt.  rend.  soc.  htol  88.  913  1923). 

12  M.  Lwoff,  Ann.  inst.  Pasteur  61,  55  (1J3.5;. 
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quito  on  peptone  to  which  either  small  amounts  of  blood  or  the  active 
principle  of  the  blood,  protohematin,  had  been  added. 

Relatively  few  organisms  lack  the  ability  to  synthesize  hematin  (certain 
Trypanosomidae,  the  blood-sucking  redivid  Triatoma,  and  certain  bac¬ 
teria).  For  these  organisms  hematin  is  a  true  growth  factor.'^ 

Not  all  members  of  the  Trj^panosomidae  are  incapable  of  synthesizing 
hematin  (Table  1).  Strigomonas  oncopelti,  S.  parva,  and  S.  media  can  be 
grown  in  peptone  without  blood  or  hematin.  In  addition  to  hematin  the 
trypanosomes  and  the  leishmanias  require  additional  factors  present  in 
blood.^ 


Fig.  1 

latln"  to  its  stimu¬ 

lation  of  resp.rat.on  (see  M.  LwofP)  and  not  to  its  peroxidase  activity 

Stngonwms  fa,ac^taa,  for  instance,  can  insert  iron  into  protoporphyrhi' 

^uS^ifXrrr-  -  -t,.esisrmrtt"’;;,s 

acid  Ir  Zttlfca"tt.??ht  to  ‘‘-“bic 

when  whole  blood  is  used,  and 
t-  strains  of  .. 


TABLE  1 

Growth  Factor  Requirements  of  Several  Invertebrates  and  the  Rat 
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The  ascorbic  acid  requirement  in  the  trypanosomids  appears  to  differ 
from  that  of  many  other  organisms  where  a  number  of  reducing  substances 
can  take  its  place  (cysteine,  glutathione,  etc.)-  No  reducing  substance 
which  has  been  used  will  substitute  for  ascorbic  acid  for  these  requiring 
flagellates,  nor  will  the  ascorbic  acid  analogues  n-isoascorbic  acid,  D-gluco- 
ascorbic  acid,  and  3-methylascorbic  acid.^  Thus,  ascorbic  acid  appears  to 
be  a  true  vitamin  for  these  flagellates. 


9 


ASCORBIC  ACID 
Fig.  2 
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field  of 

tensive  investigation  of  the  serum  f  t  Pro  t  greatly  by  further  in- 
g  the  seuim.  factors  required  by  these  flagellates. 
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Some  advance  is  being  made  on  the  serum  fractions  required  by  Tricho¬ 
monas  foetus  (see  below). 

(4)  Other  Growth  Factors.  In  a  few  of  those  trypanosomids  where  serum 
factors  are  synthesized  by  the  organisms  and  therefore  need  not  be  added 
to  the  medium,  a  thiamine  requirement  has  been  shown.  M.  Lwoff'^*  was 
able  to  show  that;  Strigomonas  oncopelti  would  multiply  in  a  medium  of 
hydrolyzed  silk  peptone  and  glucose  only  if  thiamine  was  added.  Ordinary 
peptones  could  be  rendered  thiamine-free  by  heating  at  pH  9.8.  This  type 
of  medium  supported  gro^^dh  when  thiamine  was  restored.  By  testing  a 
number  of  thiamine  analogues,  M.  Lwoff^^  was  able  to  show  that  both  the 
(8-hydroxypropyl  and  the  y-hydroxypropyl  5-substituted  thiazole  moiety 
of  the  whole  molecule  was  active  in  place  of  thiamine.  Likewise  when  the 
methyl  group  at  position  2  in  the  pyrimidine  portion  of  the  molecule  is 


pyrimioinc  moiciy 


TMAZOUe  MOIETY 


THIAMINE 

Fig.  4 

substituted  by  an  ethyl  group,  the  ;“‘"PTfhe''thiSort“n 

tivity.  On  the  other  hand,  unsubstituted  position  5  of  p^osition 

of  the  molecule,  the  shift  of  the  methyl  group  from  position  2  to  POSit 
fi  in  the  Dvrimidine  moiety,  or  additional  linkage  of  the  pyrimic  i 

the  thiasole  (thiochrome)  destroyed  “V  (^ligated  dirLtly 

Although  a  few  of 

for  a  thiamine  requirement,  M.  Lwoff  believes  it  nigii  y  p 

all  lack  synthetic  ability  in  this  respect.  growth  factors 

»  M.  Lwoff,  Compl.  rend,  soc  hoi.  126,  ^  flagellfe  trypanosomides, 

..  M.  Lwoff,  Recherches  sur  le  pouvoir  de  synthOse  des  n  g 

Masson  et  Cie.,  Paris,  1940. 
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b.  Trichomonadidae.  The  genus  Trichomonas  is  one  of  the  most  ubicjui- 
tous  of  parasitic  protozoans.  Representatives  are  found  in  invertebrates 
(mollusks,  annelids,  insects),  cold-blooded  vertebrates  (fish,  amphibians, 
reptiles),  and  warm-blooded  vertebrates  (birds  and  mammals,  including 
man).  Most  appear  to  be  well  adjusted  to  their  host  and  cause  little  harm, 
but  a  few  are  truly  pathogenic  (T.  columbae  in  the  pigeon,  T.  foetus  in 
female  cattle,  and  T.  vaginalis  in  the  female  human).  Two  species  of  free- 
living  trichomonads  have  been  described  once  each.  Trichomonas  keilinT^ 
and  Coelotrichomastiz  convergus,^^  but  no  nutritional  information  regarding 
them  is  available. 


•CH 
\ 


CH. 


soluWe '“at  -  tueZZ  "'T'" 

broth  plus  liver  If  the  liver  maintained  in  nutrient 

supplies  the  substance  necessart 

added  to  nutrient  broth  nn  n-.  r+u  ^  ^^e  acetone  extract  is 

present.  Nutrient  broth  and  ao^t  ^uiless  the  liver  residue  is  also 

medium  for- the  testing  of  a  larseT^'T 

growth-promoting  effect  of  the  ace/^"^  f  sterols.^^  It  was  found  that  the 

-ith  highly  puriM  could  be  duplicated 

molecule  could  be  made  without  affe^T  ^modifications  of  the  cholesterol 

columbae;  other  modifications  rendered  it  u^sele  ^  ^^c|ogical  activity  for  T. 

^  "^cnaeied  it  useless  to  the  organism. 

A  27,  246  (1945). 

R  Cfliir"  A  64,  114  (1939) 

R.  Cailleau,  Ann.  inst.  Pasteur  69,  1  wi)  ’’ 
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In  the  first  category  of  compounds  (active)  are  cholestanol,  erganostanol, 
sitostanol,  m-cholestane-3,4-diol,  ergosterol,  7-dehydrocholesterol,  22-di- 
hydrocholesterol,  7-dihydroergosterol,  ergostenol,  a-sistosterol,  and  cinchol. 
This  indicates  that  the  systems  of  the  organism  attach  little  importance  to 
the  unsaturated  or  saturated  conditions  of  bonds  5-6,  7-8,  or  22-23,  to 
the  presence  or  absence  of  a  hydroxyl  group  at  position  4,  or  to  the  position 
of  branches  on  the  side  chain. 

In  the  second  category  (inactive)  are  found  such  sterols  as  A-5,6-choles- 
tenone,  cholestane-3-one,  a-3,5,6-cholestanetriol,  epicholestanel,  dehydro- 
androsterone,  androstene-3 , 17-diol,  testosterone,  estrone,  equilin,  eciuilenin, 
and  irradiated  ergosterol. 

It  appears  likely  (although  quantitative  data  on  activities  were  not 
stressed)  from  the  work  of  Cailleau  that  cholesterol  represents  the  true 
requirement  for  T.  colmnhae,  and  the  other  sterols  may  be  substituted  only 
in  so  far  as  the  organism  can  change  them  into  the  active  compound. 

Cholesterol  is  also  required  by  Trichomonas  foetus,  T.  hatrachorum^^  an 
Trichomastix  coluhrorumP  Nothing  is  known  regarding  the  biochemical 

and  physiological  function  of  this  compound.  111  + 

(2)  Ascorbic  Acid.  Cailleaid*-  found  that  ascorbic  acid,  when  added  to 
otherwise  inadequate  media  for  Trichomonas  foetus,  T.  columhae  and  n- 
chomastix  colubrorum,  rendered  the  media  suitable  for  growth  fhe  seium 
fraction  of  these  media  rapidly  lost  activity  upon  aging,  and  it  vas  th  s 
activity  which  was  restored  by  the  addition  of  ascorbic  acid. 

The  apparent  ascorbic  acid  requirement  of  the  trichomonads  appears  to 
be  non-spLific  however,  and  the  compound  functions  not  as  a  vitamin  but 
as  a  "due;:*  agent.  This’  is  in  contrast  to  the  situation  in  t^ 

(see  above)  Thus  n-isoascorbic  acid,  D-glucoascorbic  acid,  and  other  le 
ducing  agents  were  as  active  in  promoting  the  groivth  of  the  tnchomonads 

of  Weiss  and  BalP«  on 

it  is  apparent  that  ascorbic  acid,  or  the 

necessary  for  growth  in  ^  „o  ascorbic  acid 

flagellates  in  the  medium  of  Kidder  and  liev  ey 

appears.  The  importance  of  this  papei  is  in  ^  requires 

reipiirements.  By  the  omission  f  "  LSie!  isoleu- 

cine,  leucine,  lysine,  threonine  on 

(Table  2).  This  represents  a  •  ‘  ^  for  certain  of 

the  whole,  to  the  requirements  which  have  been  determ.nea 

1.  R.  Cailleau,  Compt.  rend.  soe.  biol.  130, 

::  ^-."nd  V“c.  ol’w^y.  nyeiol.  Zobl.  18,  136  (1015). 
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the  ciliated  protozoans  (see  below).  The  medium  based  on  amino  acids  was 
suboptimal  for  T.  foetus,  however,  and  could  be  improved  by  the  addition 
of  serum  or  enzymatically  treated  proteins.  Weiss  and  Ball  suggest  the 
possibility  of  a  partial  strepogenin^^ •  23  requirement. 

(3)  Linoleic  Acid.  Trichomonas  vaginalis  can  be  cultured  satisfactorily 
in  a  number  of  serum-containing  media.  Sprince  and  Kupferberg^^  have 


TABLE  2 

Amino  Acid  Requirements  of  Several  Invertebrates  as  Compared  to  the  Rat  and  to  Man 
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uyrosine,  and  glutamic  acid 
t  Serme  synthesized  (strain  W).  required  (strain  E). 

I  ither  phenylalanine  or  tyrosine,  but  not  both  reuuired 
§  Required  for  growth  (young)  but  not  maintenance  (adult). 

pyrimidines,  the  B  vitanlin.s  ancrhUCTell  P’"’"’'*® 

made  to  determine  the  necesrity  of  i  I  f  T 
intere.sted  in  the  serum  factors.^ldfey  „-ere  Thle^  7'^"’  T  ‘'‘*1 
Imoiem  acid  (ether-sohd.ie  fraction)  and  .serum  aihr^Ceth^o^Ue 
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fraction).  Sprince^®  reported  that  the  serum  albumin  fraction  could  be 
precipitated  with  50%  ethanol. 

The  importance  of  the  above  studies  is  in  showing  the  requirement  for 
an  unsaturated  fatty  acid  (linoleic)  and  the  development  of  a  basal  medium 
for  future  work  of  a  more  precise  nature. 


2.  Sarcodina 

Very  little  of  an  exact  nature  is  known  about  the  nutrition  of  the  amoe¬ 
bae  By  far  the  most  work  has  been  done  on  the  parasitic  Endamoebae, 
and  these  organisms  have  exhibited  synthetic  deficiencies  which  make  the 
inclusion  of  very  complex  (even  living)  materials  obligatory. 

Perhaps  the  most  interesting  and  promising  organism  m  this  large  group 
is  Acanthamoeba  castellani,  which  will  grow  in  heat-sterihzed  Peptmre 
medium  »  An  excellent  start  was  made  on  the  study  of  its  nutritional 
requirements  in  1938,  but  since  the  paper  of  A.  Lwoff-  it  has  been  largely 

“S- reported  that  A.  ca.ldlani  could  not  be  grown  in  peptonized  silk 
unless  thiamine  was  added.  He  showed,  moreover,  that  ‘h's  orga'iisin  u  as 
capable  of  joining  the  two  portions  of  the  molecule  (pyrimidine  and  th 
azole)  The  specific  requirement,  therefore,  is  not  thiamine  i  se  ,  u 
can  be  synthesized,  but  certainly  the  pyrimidine  moiety  and  possibly 

A.  castelinni.  Students  of  amoeba  ^ould  con^d  r  h  J 

as  exceptional  material  for  he^ond  that  of  the 

of  biologically  active  compounds  has  progressea  y 

Tht  "onal  requirements  of  ^ 

Endamocha  tetoiyftm,  have  m^e  dysentery  amoeba. 

TslL  Horn  ff.  in^adens,  a  reptilian 

no  parasitic  form  has  -cces^u^'y  ^^^^esrs:!^  tissue  or  minced 

other  living  organisms.  Even  ■  added.  We  know,  however, 

chick  embryo-  or  fresh  liver  «  “  abcesses,  so  it  seems 

that  E.  histolytica  multiplies  abundantly  m  sterile 

H.  Sprince,  J.  Bad.  66.  169  (1948) 

17  R.  Cailleau,  Compt.  rend.  soc.  btol  ,  J 
IS  R.  Cailleau,  Compt.  rend.  soc. 

*9  A.  Lwoff,  Compt.  rend,  soc.biol.  128,  455  {  )  ^5);  Trans.  Roy.  Soc. 

sow.  C.  Boeck  and  J.  Drbohlav,  Am.  J.  Hyg. 

Trop.  Med.  Hyg.  18,  238- 
SI  L.  Lamy,  Compt.  rend.  226,  202  ( 

..  M.  J.  Miller,  Can.  J.  Comp.  Med.  16.  268  (1951). 
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clear  that  the  need  for  other  living  organisms  in  cultures  reflects  a  lack  on 
the  part  of  the  entozoic  amoeba  of  synthetic  abilities  for  certain  complexes 
capable  of  being  supplied  by  the  host  tissue  or  associated  microorganisms. 

Even  in  the  presence  of  suitable  microorganisms,  Endamoeha  histolytica 
and  E.  tcrrapainae  will  not  grow  unless  certain  additions  are  made.®*’  *■*’  ** 
Rice  starch  of  certain  particle  size  and  serum  allowed  growth  of  the  amoebae 
(bacteria  present).  The  serum  could  be  replaced  by  cholesterol,  confirming 
the  earlier  findings  of  Snyder  and  Meleney*®  and  Rees  et  and  more 
efficiently  by  cholesterol  and  oleic  acid.  Hansen  and  Anderson®*  have  pub¬ 
lished  a  synthetic  meudim  for  E.  histolytica  which  is  based  on  crystalline 
amino  acids,  B  vitamins,  nucleid  acid,  cholesterol,  and  rice  starch.  This 
medium  will  not  support  transplantable  growTh  of  the  amoebae  unless 
bacteria  (organism  t  of  Rees  was  used)  are  present.  Embryonic  fluids  con¬ 
taining  bacteria  have  also  been  used.®® 

At  the  present  time  we  can  only  say  that,  for  the  continued  growth  of 
E.  histolytica  in  vitro,  cholesterol  is  needed.  Cholesterol  is  inactive  in  promot¬ 
ing  growth  in  the  absence  of  the  B  vitamins  (thiamine,  robiflavin,  nicotinic 
acid,  pyridoxine,  pantothenic  acid,  p-aminobenzoic  acid,  inositol,  and  cho¬ 
line  were  used®^),  and  living  organisms  must  be  present  (bacteria  of  \'arious 
kinds  or  Trypanosoma  cruzi^^).  In  addition  a  rather  low  oxidation-reduction 
potential  is  essential  for  continued  growth.^' 


Ol-UKUZOA 


Nothing  of  a  nutritional  nature  is  known  regarding  these  parasitic  pro¬ 
tozoans  with  the  single  exception  of  the  malarial  organism,  Plasmodium. 
1  he  very  nature  of  their  habitat  and  their  close  association  with  their  hosts 
preclude  precise  observations.  Even  in  the  malarial  organisms  our  bio- 
chemical  knowledge  is  meager  indeed,  as  compared  to  other  more  amenable 

Plasmodium  is  an  intracellular  parasite  and  its  association  with  blood  is 

”  a:  m:  Grlffi"  a“„"d  W '  G  McCarte”’  TT'  f  ««  (1949). 

“  A.  M.  Gnffin  and  L.  J.  Michini,  J.  ParasUol.  36.  24;  (1960)  ’  ’ 

"  C  W  Re^es^  ’  Parasitol.  29,  278  (1943). 

Trop.  Med. 

E.  H.  L“un”  bM.lfrupp  ITm 

272  (1952).  Soc.  Exptl.  Biol.  Med.  80, 

B.  P.  Phillips,  Science  111,  8  (1950). 

«  J-  Trop.  Med.  26  109  (194.^1 

43  T  n  37,  101  (1946) 

J.  C.  Schaffer  and  W. 'W.  Frve  Am  T  Uo  An  , 

“  y  C.  Schaffer,  F.  W.  Ryde/a^d  W  F?ye  4,  a 

J-  Hyg.  49,  127  (1949).  ^  ^  ^7,  345  (1948);  Am. 
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firmly  established,  and  one  should  not  hope  for  information  regarding  nu¬ 
tritional  requirements  of  the  parasite  so  long  as  blood  or  blood  fractions 
are  used  in  the  medium.  A  very  few  observations  of  an  entirely  qualitative 
nature  have  emerged,  however,  during  the  past  few  years.  Most  of  the 
evidence  is  circumstantial,  however,  because  blood  and  blood  products 
would  be  expected  to  contain  vast  arrays  of  biologically  active  compounds 
and  complexes. 

The  group  at  Harvard  (see  McKee*  for  an  excellent  review  of  their  work) 
were  able  to  show  an  apparent  requirement  of  P.  knowlesi  for  glucose  and 
p-aminobenzoic  acid.  These  observations  culminated  intensive  study  of  the 
growth  conditions  of  the  parasite  outside  the  blood  stream  of  the  host.  At 
first  whole  blood  and  later  washed  red  cells  were  used.  Stimulatory  effects 
were  noted  by  the  addition  of  a  number  of  amino  acids,  purines,  and 
pyrimidines  and  certain  vitamins,  provided  that  all  were  added  together.'** 
Later  McKee  and  Geiman  (see  ref.  8)  demonstrated  a  beneficial  effect  o 
methionine  on  the  multiplication  of  P .  knowlesi  in  vitro. 

A  distinct  advance  in  this  field  was  made  by  Trager,'*  who  was  able  to 
obtain  extracellular  multiplication  of  the  avian  parasite,  Plasmodznm  lo- 
vhnrae  By  hemolysis  of  infected  duck  eiythrocytes  into  a  medium  con¬ 
taining  extracts  of  duck  erythrocytes,  he  demonstrated  avorable  effects, 
on  survival  and  multiplication,  of  gelatin,  adenylic  acid  ami  cozymase. 
More  pronounced  beneficial  effects  were  noted  upon  the  addition  of  adeno- 

nutritional  recuirementa  of  malarial 

pa^aitesfs  not  yet  in  sight,  it  appears  that 

cultivation  may  be  the  most  important  development  tou  ard 

4.  Infusoria 

Cby  far  the  greatest  uu^her  of  spec^^ 

means  of  suctorial  tentacles.  (develop- 

The  two  classes  of  Infusoria  poss  ‘  ‘  ,  l,„t  they  are 

ment  These  locomotor  organelles  aie  letainecl 

n  M  rrimaii  U  W.  McKee,  anil  R.  A.  Ormsbec, 

45  E.  G.  Ball,  C.  B.  Anfinsen,  Q.  M.  Geim.  , 

Science  101,  542  (1945).  nq'^O') 

46  w.  Trager,  J.  Exptl.  Med.  92,  349  (1950). 
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resorbed  and  replaced  by  the  suctorial  tentacles  in  the  adult,  non-motile 
Suctoria. 

Although  ciliates  and  suctorians  have  been  cultured  for  many  decades, 
earlier  work  yielded  no  useful  biochemical  information,  owing  to  the  inclu¬ 
sion  of  myriads  of  bacteria,  yeasts,  and  molds  from  the  watery  environment. 

The  first  ciliate  to  be  successfully  cultured  in  the  absence  of  all  other 
microorganisms  was  Teirahijmcna  geleii*  {Glaucoma  'piriformis) .  This  task 
was  accomplished  by  A.  Lwoff  in  1923.^^  The  medium  as  finally  used  was 
heat-sterilized  peptone.  From  this  beginning  to  the  present  we  have  gained 
so  much  information  regarding  this  organi.sm  that  today  it  stands  as  the 
only  animal  which  can  be  grown  under  rigidly  controlled  aseptic  conditions 
in  a  completely  chemically  defined  medium.  In  other  words,  we  have  a  clear 
picture  of  its  synthetic  capacities.  Tetrahymena  will  be  discussed,  therefore, 
in  relation  to  its  nutrition  and  metabolism,  as  all  other  ciliates  can  then  be 
compared  to  it. 

a.  Inorganic  Requirements.  Less  is  known  about  the  inorganic  metab¬ 
olism  of  Tetrahymena  than  about  its  organic  metabolism.  The  need  for 
certain  ions  can  be  easily  demonstrated  by  simply  omitting  them  from 
the  medium.  By  this  technique  it  was  shown''^  that  0.1  y  mole  of  I\Tg++,  0.3 
M  mole  of  K+,  and  0.5  y  mole  of  P04=  ions  are  required  for  maximum 
gioMth  in  a  synthetic  medium.  The  need  for  iron  and  copper  have  been 
shown, but  Ca++,  SOr,  and  Cl-  ions  could  not  be  demonstrated  as  re- 
quirements  nor  could  the  trace  elements  Mn++,  Zn++,  Co"'"'^,  Fl~  BLs^  or 
MoO,.  The  probable  explanation  of  these  results  is  the  inclusion  of  these 
elements  as  contaminants  in  other  portions  of  the  basal  medium,  especially 
the  ammo  acid  portion. 

Recently  the  chelating  agent  ethylenediaminetetraacetic  acid  (EDT4) 
has  been  used  m  connection  with  this  problem,**  and  although  the  relation- 
ships  are  complex,  ,t  is  possible  to  show  biological  activity  for  Ca++  and 
7"  -ed  8.hydroxyc,uinaline  to  remove  trace  elements  fr"m 
the  basal  medmm  and  has  demonstrated  a  cobalt  requirement  in  glucose- 

prese”c  was  found,  however,  when  glucose  was 

acI’i'veTrr''  Tctrahymcnn  possesses  a  fairly  complete  and 

from e  L'T  “---d 

readily  attacked.  ""  “"<>  Relatin  are 

A.  Lwoff,  Comp.  rend.  176,  928  (1923). 

<*G.  w!  kXf  aTv.°c'D™TM„ubl^h''l’ 

J.  V.  Slater,  PKyuol. 
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In  a  medium  containing  all  the  growdh  factors  required  by  T elrahijmena 
geleii  W.  and  the  nitrogen  supplied  by  crystalline  amino  acids,  it  was  found 
that  growth  failed  or  was  negligible  if  any  one  of  the  following  amino  acids 
were  omitted  (Table  2):  arginine,  histidine,  isoleucine,  leucine,  lysine, 
methionine,  phenylalanine,  threonine,  tryptophan,  and  valine.^i  •  All  were 
found  to  be  absolute  requirements  for  the  organism,  except  arginine.  In  the 
absence  of  arginine,  slow  and  suboptimal  growth  results,  indicating,  as  in 
the  rat,  slow  synthesis  of  this  compound.  Recent  experiments^^b  on  arginine 
synthesis  by  Tetrakymena  indicate  complete  lack  of  synthetic  ability  for 
this  amino  acid  when  other  components  of  the  medium  are  chemically  de- 

fined.  •  i  i  j  x 

WTien  a  number  of  non-essential  amino  acids  are  also  included,  toxicities 

become  apparent  which  can  be  overcome  to  some  extent  by  glycine  and  very 

effectively  by  serine. Elliott^'  reports  that  serine  is  an  absolute  requirement 

for  T.  geleii  E.  This  observation  has  been  verified  for  strain  E.'^^b  Serine 


H0< 


TYROSINE 

F.g.  6.  In  thU  reaction  the  rednction  of  tyroaine  to  phenylalanine  is  blocked,  a, 
indicated  by  the  crossed  arrow. 

is  synthesized  from  glycine  in  strain  W  but  -uree  oUhe  o™ 

meaning  that  this  organism,  ‘  rproilylp  Cvstine  or  cysteine  and 

of  phenylalanirre  but  the  react.on  ,s  not  i--  is 

homocystine  spare  but  do  not  replace  „f  added 

viUmt  bI**  Bfth ISnerSne  spare  arginine."  being  precursors 

::T  W:Sh“nd%°  a  Dewey! 

n  TXl  EuioU,  337 

::S:  S;G!ntof"«.  (iotSb  drc..  Bfoc^cn,.  Bfop.ys,  34.  n3 

(1951).  .  ^  ^  ,  Us^nieWi  International  Review  of  Cytology, 

54  G.  W.  Kidder,  in  Bourne  and 
Vol  1,  Academic  Press,  New  York,  1952. 
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of  proline.'*®'^  It  is  known  that  Tetrahymena  does  not  produce  urea^®  and 
the  Krebs-Henseleit  urea  cycle  does  not  function. 

Investigations  regarding  the  availability  of  the  optical  isomers  of  most 
of  the  essential  amino  acids  have  been  carried  out.®  When  great  care  is 
taken  to  insure  the  purity  of  the  various  isomers,  it  is  found  that  the 
unnatural  configuration  of  arginine  alone  could  be  utilized  by  T.  geleii  W. 
The  D  isomers  of  leucine  and  serine  were  found  to  l)e  inhibitory.  Elliott 
ei  report  that  T.  geleii  E.  can  utilize  the  d  isomers  of  arginine,  methi¬ 
onine,  and  lysine,  but  as  their  report  is  only  in  abstract  form  no  proof  of 
purity  is  given.  In  the  case  of  methionine  it  has  been  found®  that  the  d 
isomer  spares,  but  does  not  replace,  L-methionine.  The  d  isomer  can  be 
used  for  cysteine  synthesis  but  cannot  be  changed  to  the  natural  form  for 
direct  incorporation. 

Although  minor  differences  between  the  synthetic  capacities  for  amino 
acids  in  Tetrahymena  and  a  mammal,  such  as  the  rat,  do  e.xist,  the  many 
points  of  similarity  are  striking.  One  cannot  help  thinking  that  the  animal 
enzymatic  pattern  for  amino  acid  synthesis  must  have  become  established 
very  early  in  the  evolution  of  the  whole  kingdom.  Those  organisms  with 
no  animal  affinities  (phytoflagellates,  bacteria,  molds)  may  be  quite  low  in 
synthetic  capacities  (e.g.,  the  lactic  acid  bacteria),  but  there  is  no  con¬ 
sistent  pattern  to  be  observed,  Wliere  a  true  animal  has  been  carefully 
studied,  the  pattern  is  always  largely  the  same. 

c.  Carbon  Metabolism.  Tetrahymena  geleii  W.  can  multiply  indefinitely 
m  a  medium  devoid  of  carbohydrates.  Amino  acids  are  deaminated  with 
the  production  of  their  principal  waste  product,  ammonia.  This  organism 
IS  capable  of  utilizing  a  number  of  carbohydrates,  however,  in  which  case 
the  ammo  acids  are  spared.  Starch  and  glycogen  are  easily  hydrolyzed,  as 
IS  maltose,  and  glucose  and  fructose  are  fermented. T.  geleii  E  and  T 

‘he  latter  can  hydrolyze  lactose.  One 
entire  lack  oTnl  ^hout  the  cihates  for  which  we  have  information  is  the 
rtritionally  “f  is  inert 

stimnt"  “'hy  “etic  and  pyruvic  were 

timulatory  to  growth  (see  Kidder  and  Dewey »).  Fatty  acids  have  ven 

in  tL^'r  ’  “"^’‘ions  where  they  are  complexed  as 

esterified  vrith  1  mole  of'de'L*acid7'^°’^f  sorbitan 

enormous  growth  stimulation,  as  judged  optical  de^'-f'*"*'" 

cell  count  and  nitrogen  contents  Cl  .  T  density,  occurs.  The 

is  not  greater  tha?:LX“l;:rrMt:" 

that  the  ciliates  are  distended  by  droplets  of  reveals 

^  P  acid,  a  condition  which 

>  .  Chung,  Federation  Proc.  11,  207  (1952) 
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rentiers  them  ciuite  opaque. There  is  no  evidence  to  show  that  the  fatty 
acid  is  utilized,  however,  and  the  advisability  of  the  use  of  Tween  is  in 
cpiestion.  Tween  does  increase  the  sensitivity  of  dose  responses  when 
turhidimetric  measurements  are  used,  but  it  renders  the  organisms  inferior 
for  work  that  involves  handling  the  cells  for  fractionation,  etc. 

d.  Growth  Factors.  (1)  B  Vitamins.  The  first  observation  of  a  require¬ 
ment  by  filiates  for  any  of  the  water-soluble  vitamins  was  made  by  Lwoff 
and  Lwoff  in  1937,^^  when  they  found  that  Tetrahymcna  gclcii  (Glaucoma 
'piviJoTmis')  could  not  be  cultured  in  silk  peptone  unless  thiamine  vas 
added.  The  two  portions  of  the  molecule  (pyrimidine  aiul  thiazole)  added 
either  singly  or  together  would  not  permit  growth,  they  concluded,  theie- 
fore,  that  this  ciliate  lacked  enzymes  for  linking  the  two  portions  to  form 
the  thiamine  molecule. 

In  1942  Kidder  and  Dewey^®  reported  the  growth  of  T.  geleii  and  T. 
vorax  in  a  vitamin-free  casein  medium  supplemented  with  heat-  and  alkali- 
treated  alfalfa  extract.  They  recognized  the  fact  that  the  extract  contained 
many  factors  but  was  devoid  of  thiamine.  They  postulated  a  heat-  and 
alkali-stabile  “factor  S”  which  catalyzed  the  synthesis  of  the  thiamine 
molecule  from  the  pyrimidine  and  thiazole.  Later««  it  was  found  that  . 
geleii  W.  could  be  grown  in  tryptophan-supplemented  casein  or  gelatin 
hydrolyzate  and  heat-  and  alkali-treated  alfalfa  extract,  without  the  addi¬ 
tion  of  thiamine.  Added  thiamine  was  observed  to  increase  the  total  >ue  c 
and  individual  cell  size.  When  butanol-extracted  and  heat-treated  iver 
extract  was  v.secl  in  place  of  the  alfalfa  extract,  no  groerth 
the  addition  of  thiamine,”  provided  that  the  nitrogen  somce  «as  gel  am 
hy.lrolyzate.  When  crystalline  amino  acids  were  used  as  the  ndrogen  somce, 
growth  occurred  without  the  adilition  of  tluamine  or  factoi  S  fiom  alfalh  . 
It  was  discovered  that  certain  unnatural  (d)  isomers  of  ammo  acids  (added 
as  thrracemic  mixture)  made  growth  possible  under  tliese  conditio.  . 
was  postulated  that  Tetrahymcna  required  some  d  configuration  . 

^ee’™:;::::."’)  it  ..as  been  foum.  that  in  d. 

present.  Heat-  and  aikaii  ut  ai  ,  ^  it  nimears  that  there  is 

“  . . . . . . 

«  G.  W.  Kidder  and  V.  C.  Dewey,  Growth  6  t05 

..  G.  W.  Kidder  and  V.  C.  Dewey,  Brol  Bvl  .  87,  121  194^). 

•1  G.  W.  Kidder  and  V.  C.  Dewey,  Bi^-  «  •  •  29,  281  (1950). 

V,  C,  Dewey,  It.  E.  Barks,  and  G.  W.  Kidder,  Arch,  o 
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the  presence  of  D-amino  acids.  This  is  an  interesting  problem  which  should 
receive  more  attention. 

The  function  of  thiamine  (as  the  pyrophosphate)  in  Tetrahymena  has 
been  suggested  as  the  cocarboxylase  of  pyruvate,  as  pyruvic  acid  accumu¬ 
lates  in  thiamine-deficient  cultures.®-  Other  organic  acids  also  accumulate 
in  such  cultures,  one  of  which  is  a-ketoglutaric  acid.®^  It  appears  likely  that 
thiamine  (along  with  thioctic  acid,  see  below)  functions  in  the  decarboxyla¬ 
tion  of  a-ketoglutaric  acid  in  the  same  manner  as  it  does  with  pyruvic.  The 
mediation  of  pyruvic  decarboxylation  by  thiamine  has  long  been  known  in 
birds  and  mammals,  so  it  is  altogether  expected  that  the  same  function 
would  be  found  in  the  ciliates. 

From  what  we  know  of  animals  in  general  it  is  safe  to  predict  that  all 
ciliates  will  be  found  to  require  thiamine  in  their  diet,  under  ordinary 
conditions,  but  so  far  only  two  other  genera  have  been  grown  under  con¬ 
ditions  which  allow  for  direct  evidence  of  such  a  requirement.  Glaucoma 
scintillans  was  found  to  require  thiamine®®  and  failed  to  grow  without  it, 
even  in  the  presence  of  factor  S.  Using  a  bacterial  “plasmoptyzate”  for  the 
gro^^Th  of  Colpoda  sieinii  {duodenaria)  <  6®  this  organism  was  shown  to  be 
dependent  upon  e.xogenous  thiamine,  as  well  as  rather  high  concentrations 
of  a  number  of  other  B  vitamins  (riboflavin,  pantothen,  niacin,  and  pyri- 
doxine). 

Tetrahymena  geleii  and  T .  vorax  are  also  incapable  of  synthesizing  ribo¬ 
flavin,  pantothen,  pyridoxal  or  pyridoxamine,  pteroylglutamic  acid,  and 
thiocUc  acicl.®^  T.  geleii  synthesizes  choline,  biotin,  and  vitamin  B12.® 

It  IS  interesting  to  note  that  the  synthesis  of  nicotinic  acid  from  trypto¬ 
phan,  which  has  been  found  in  mammals,  is  impossible  for  T.  geleii Both 

tryptophan  and  niacin  are  absolute  requirements.  Tetrahymena  resembles 
Drosophila^^  m  this  respect. 


A  comparison  of  the  activities  of  pyridoxine.  pyridoxal,  and  pyridox¬ 
amine  makes  it  appear  likely  that  the  growth-promoting  action  of  pyri- 
<  oxme  IS  due  soWy  to  its  spontaneous  animation  in  the  medium.  Pyridoxal 

funrttrfmTh  n  t  pyridoxal,  indicating  either  a 

ction  for  the  aldehyde  (or  the  amine),  which  had  to  be  obtained  by  de- 

I.  A.  Tittler,  Anat.  Record  105,  501  (1949). 

66  E  I  Troc.  Soc.  Exptl.  Biol.  Med.  80,  302  (1952) 

E.  L.  Tatum,  L.  Garnjobst,  and  C  V  Tavlor  T  r.ii  1  n  rt  ^  ^ 

211  (1942).  '  (-elhdar  Comp.  Physiol.  20, 

®  L.  Garnjobst,  E.  L.  Tatum,  and  C  V  Tavlor  T  r^ii  7  n 
199  (1943).  ■  ■  Cellular  Comp.  Phxjsiol.  21, 


“  G.'  W  KMer  V  U 21,  58  (1949) ;  21,  66. 

521  am':'"’  "'■  A""--,  -d  R.  R.  Kidder,  y.  37, 

•>  J.  Schultz  and  G.  T.  Rudkin,  Federation  Proc.  7,  185  (1948). 
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phosphorylation,®  or  permeability  difficulties  for  the  phosphorylated  com-  1 

pound.  J 

Tetrahijmena  is  dependent  upon  the  whole  pteroylglutamic  acid  mole-  t 
cule,67. 70  like  birds  and  mammals,  and  unlike  many  bacteria,  it  pos-  f 

sesses  enzymes  for  removing  glutamic  acid  residues  from  triglutamates  and  j 

heptaglutamates.  The  reduced  formyl  pteroylglutamic  acid  (citrovorum  I 

factor,  leucovorin)  is  no  more  active  for  this  organism  than  is  PGA  itself.^'  I 

Tetrahijmena  can  utilize  Aminopterin  (4-amino-pteroylglutamic  acid)  and  j 

Methopterin  (9-methyl  pteroylglutamic  acid)  for  growth,  the  former  with 
about  17%  efficiency  and  the  latter  with  about  2%.’^  This  was  interpreted  ^ 

as  showing  the  presence  of  enzymes  for  the  deamination  of  position  4  of  | 


,N 

AMINOPTERIN 


methopterin 

Fig.  7.  Pteroylglutamic  acid  analogues 
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71  G.  W.  Kidder,  V.  C.  Dewey,  and  R.  E.  1  arks,  rroc.  o 

^  (1951).  T-  1  I  1  u  F  Parks  Proc.  Soc.  Exptl.  Biol.  Med.  78, 

72  V.  C.  Dewey,  G.  W.  Kidder,  and  R.  E.  1  arks,  rroc.  o 

91  (1951).  .,  »•  7  46  482  (1941);  Biol.  Bull.,  87,  107 

73  V.  C.  Dewey,  Proc.  Soc.  Exptl.  Btol.  Med.  46,  482  tu 

(1944). 
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Soc.  in  press)  has  shown  that  1  ®  ^  Gained  was  due  to  the  contaminating 
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bG  concent  rated.  The  name  protogen  was  given  to  this  factor/^  and  it  was 
showiT®  to  be  the  same  as  the  acetate  factor  and  the  pyruvate  oxidation 
factor  for  lactic  acid  bacteria.  Recently  the  Lederle  groups®  have  crystallized 
and  synthesized  protogen  and  identified  it  as  dimercaptooctanoic  acid. 
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Fig.  9  Schematic  representation  of  the  metabolism  of  purines.  The  dotted  lines 
Kidderei  pathways  which  occur  in  Tetrahymena.  (Modified  from 

They  have  named  it  thioctic  aci<l.  Reed  et  alP  carried  out  similar  identifi¬ 
cations  on  what  they  called-  a-lipoi<l  acid  (=  protogen).  Rublication  of 

Arch.  09 

11  f  f  I^roquist,  Arch.  Biochem.  23,  326  (1949) 

L.  J.  Reed,  B.  G.  DeBusk,  I.  C.  Gunsalus  and  G  IT  P'  a  u  i  u 

Chem.  Soc.  73,  5920  (1951).  ’  '  •  H.  F.  Schnakenberg,  J.  Am. 

L.  J.  Reed,  B.  G.  DeBusk,  I.  C.  Gunsalus  and  G  <5  n  k  c 
93  (1951).  ’  ^  Hornberger,  Science  114, 
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activities  of  three  isomeric  configurations'^*  make  it  rather  certain  that  the 
active  vitamin  form  of  thioctic  acid  is  G,8-dimercaptooctanoic  acid.  In 
natural  materials  there  are  probably  many  mixed  disulfides  with  protogen 
activity.’^®  The  possible  coenzyme  form  and  its  functions  are  discussed  in 
Chapter  19. 

(2)  Nucleic  Acid  Derivatives.  Tetrahymena  has  enzymatic  limitations 
which  make  obligatory  the  inclusion  of  nucleic  acid  or  certain  derivatives 
in  the  diet.  Yeast  or  thymus  nucleic  acid  or  their  hydrolyzates  were  earlier 
used  to  supply  missing  factors.*'’  The  enzymatic  limitations  of  the  organism 
were  shown  to  be  concerned  specifically  with  the  purine  guanine  and  the 
pyrimidine  uracil.*’  No  natural  purine  could  replace  guanine  although  the 
nucleoside  and  the  neuleotide  were  fully  active.  Adenine  and  hypoxanthine 
and  their  nucleosides  were  found  to  spare  guanine  but  not  replace  it.*' 
Xanthine  and  uric  acid  are  inert.  Tetrahymena  is  incapable  of  making  the 


2,4-  0IAMIN0-5-F0RMYLAM1N0-6-HYDR0XYPYRIMIDINE  GUANINE 

Fig.  10.  Tetrahymena  does  not  possess  the  ability  to  form  the  imidazole  ring 

specific  substitutions  resulting  in  guanine  and  is  also  incapable  of  forming 
the  purine  ring  from  precursors.  WTen  2 ,4-diamino-5-formylamlno-6-hy- 
droxTpyrimidine  is  given,  it  is  entirely  inert, *”  showing  that  the  organism 
cannot  close  the  imidazole  ring.  Likewise  both  4-amino-imidazole-5-car- 
boxamide  and  its  N-formyl  derivative,  4-formylamino-imidazole-5-carb^- 
amide  are  inert,  showing  that  closure  of  the  iiynmidine  ring  to  hypoxanthine 
is  impossible.**  These  latter  compounds  have  been  found  active  in  supp  ymg 
the  purine  need  of  certain  mutant  E.  coli.^*-  *^ 

”  M.  W.  Bullock,  J.  A.  Brockman,  Pk  L.  Patterson,  J.  V.  Pierce,  and  E.  L. 

Stokstad,  J.  Am.  Chern.  Soc.  74,  3455  (1952).  Qunsalus  J  Am.  Chem 

79  L.  J.  Reed,  B.  G.  DeBusk,  C.  S.  Hornberger,  and  I.  C,  Gunsalus, 

..a  w'."Ser  ami  V.  C.  Dewey,  Arch-  ?'  ('"g*  34  ^  (,948). 

..  G.  W.  Kklder  and  V.  C.  Dewey  Pro.  NaU.  Acarl. 

.<  G.  W.  Kidder,  V.  C.  Dewey,  K.  E.  Parks,  and  M.  11.  Heinncli,  rroc. 

Sri  U  S  36,  431  (1950). 

«  G.  W.  Kidder  and  V.  C.  Dew.y,  rocl.r«.  32.  229  (1951). 

::  ^'B^rann.  rBeTisrat  tcfn^^Voicanl ..  Brol.  Coo,.  12.,  531  (1952). 
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Flavin  and  Graff*^®  showed  that  when  C^^-labeled  guanine  formed  the  sole 
purine  in  the  diet  of  T.  galeii  W.,  both  labeled  guanine  and  adenine  were 
found  in  the  isolated  nucleic  acid,  but  only  the  nucleic  acid  adenine  was 
radioactive  when  C^''-labeled  adenine*^  was  administered  (along  with  non- 
labeled  guanine,  for  growth).  This  simply  confirms  the  results  obtained  by 
growth  studies.  They  failed  to  find  any  activity  in  the  soluble  fractions 
(containing  ATP),  however.  Heinrich  et  al.^^  reinvestigated  the  possibility 
of  purine  biosynthesis  in  ATP.  They  showed  that  one  of  the  usual  purine 
precursors  in  birds  and  mammals,  formic  acid,  was  oxidized  and  not  in¬ 
corporated  in  the  purines  in  Tetrahymena.  Formate-C^"*  was  given  and  CO2 
collected  from  cultures.  When  C^‘*-labeled  guanine  was  administered,  how¬ 
ever,  all  purines  isolated,  including  ATP,  had  approximately  equal  ac¬ 
tivities.  Thus  it  seems  certain  that  Tetrahymena  has  lost  all  ability  to 


-|-  HOH 


4-FORMYLAM1N0-1MIDAZOLE-5-CARBOXAMIDE 


HYPOXANTHINE 


Fig.  11.  Totrahj mena,  docs  not  possess  the  ability  to  close  the  ring  for  the  pro" 
duction  of  a  purine. 

foim  the  purine  ring  for  nucleic  acid  and  free  nucleotide  synthesis.  This  is 
in  contiast  to  the  condition  in  birds  and  mammals  where  tracer  studies 

ha\e  shotMi  that  rapid  purine  synthesis  is  possible  from  carbon  dioxide, 
formic  acid,  and  glycine.  ' 

One  of  the  most  interesting  problems,  which  remains  unsolved,  is  the 
intermediate  or  intermediates  that  form  the  link  between  guanine  and 
adenine  Recent  experiments^^  have  shown  that  2  ,b-diaminopurine  is  not 
a  logical  candidate.  Diammopurine  can  be  oxidized  by  Tetrahymena  at  posi- 
lon  )  ,0  yie  d  guanine,  but  it  cannot  be  deaminated  at  position  2  to  yield 
ademne  Isoguan.ne  is  inert.  Ina.smuel,  as  few  orRanisms,  an<l  no  other 
an  mal,  liave  l,een  shown  to  possess  an  al>solute  snanine  reduirement 
re  offers  exeeptional  nraterial  for  stu.lyin^his  probZ.  ’ 

Ihe  block  111  pyrimidine  synthesis  in  Tetrahymena  involves  enzymes  con- 

sv  m'  191.  55  (1951). 

M.  U.  Heinrich,  G.  W.  Kidder  nnd  V  r  , 

•>  V.  C.  Dewey  a„„  G.  W.  Kidder/u^ilLZeTv’aSf 
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cerned  with  shifting  substituent  groups.  Of  the  natural  pyrimidine  bases 
only  uracil  will  satisfy  the  pyrimidine  requirement  for  nucleic  acid  synthe¬ 
sis.*^  ■  Cytosine,  thymine,  and  orotic  acid  will  neither  spare  nor  replace 
uracil.  Cytidine  or  cytidylic  acid,  however,  replace  uracil  completely.  This 
indicates  that  cytidine  deaminase  is  present  but  there  is  no  cytosine  deamin¬ 
ase.  The  inert  condition  of  cytosine  indicates  that  the  sugar-coupling 
enzymes  cannot  use  this  compound.  Neither  thymine  nor  thymidine  will 
spare  uracil,  but  both  are  active  in  another  way.  They  will  spare  PGA. 


PRECURSORS 


PRECURSORS 


Fig.  12.  Schematic  representation  ot  tne  merauoii»m  ^ 
lines  represent  blocks  in  specific  pathways  which  occur  m  Telmkymem.  (Modified 

from  Kidder  et  al.^^) 

This  was  interpreted  to  mean  that  thymine  is  synthesized  from  non-pyrim¬ 
idine  precursors  and  tiiat  PGA  takes  part  in  the  reaction. 

An  interesting  phase  ot  pyrimidine  metaiiolism, 
for  any  organism,  is  the  duestion  of  the  precursors,  letmhy^rmna  offe 
favorabie  material  tor  the  many  problems  involvetl  m  ; 

\  number  of  interesting  studies  on  relrahumena  have  hcen  « 

bo'th  purine  and  pyrimidine  analogues,  .^though 
much  information  regarding  enzyme  capacity  and  ‘ 

Z  a  discussion  of  nutrition  is  questionable  Iteaders  interested  in  the  de 

tails  ot  these  studies  are  referred  to  the  earlier  review 
Two  other  Infusoria  have  yielded  interesting  t  a 

acid  or  derivatives,  as  nutritional  factors.  u,„.o  Pnm- 

In’  1942  .lohnson  and  Baker»«  first  reported  the  sterile  ciiltuie  of  I ara 

90  W.  H.  Johnson  and  E.  G.  S.  Baker,  Science  96.  333  (1942). 
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mecium  (P.  multimicronudealum) .  The  first  medium  was  made  up  of  yeast 
juice  and  proteose-peptone.  Although  the  proteose-peptone  could  be  heat- 
sterilized,  the  yeast  juice  could  not  be  heated  and  retain  activity.  The 
yeast  juice  was  later  fractionated®^  into  heat-labile  and  heat-stabile  portions, 
both  necessary  for  growth.  Recently  Johnson®®  has  reported  being  able  to 
substitute  either  hydrolyzed  nucleic  acid  (RNA  or  DNA)  or  a  mixture  of 
cytidylic  and  guanylic  acid  (all  heat-stabile)  for  the  heat-labile  fraction  of 
the  yeast  press  juice.  No  explanation  is  immediately  at  hand  to  account 
for  this  observation,  but  it  is  reported  that  the  medium  (all  heat-sterilized) 
composed  of  peptone,  heat-stabile  fraction  of  yeast  press  juice,  and  the 
nucleic  acid  derivatives  is  just  as  acti\^e  in  promoting  growth  in  P.  aurelia 
as  in  P.  multimicronnleatvm. 

The  other  report  of  interest  deals  with  the  suctorian  Tokophyra  infu- 
siomim.  This  organism  is  entirely  carnivorous  and  can  be  cultured  asep- 
tically  on  a  diet  of  living  Tetrakymena  in  water.  Rudzinska®®  has  reported 
that  longevity  and  transplantability  are  dependent  upon  the  correct  number 
of  food  organisms.  Recently  Lilly  and  Gilmore®'*  have  reported  that  ab¬ 
normalities  and  declining  embryo  production  resulting  from  overfeeding 
can  be  overcome  by  the  addition  of  0.05%  yeast  extract,  or  100  7  per 
milliliter  of  nucleic  acid.  Even  more  effective  is  a  mixture  of  guanylic  acid, 
adenylic  acid,  cytidylic  acid,  and  uracil.  Just  a  mixture  of  guanylic  acid  and 
uradil  is  effective,  but  the  purine  bases  are  without  effect.  It  would  appear 
that  Tokophyra  either  has  an  abnormally  high  requirement  of  nucleic  acid 
derivative  or  fails  to  utilize  all  the  nucleoprotein  portion  of  the  food  or¬ 
ganism  under  conditions  of  “luxury  living.” 

(3)  Unknown  Factors.  The  fact  that  Tetrakymena  is  the  only  animal 
microorganism  which  can  be  grown  in  chemically  defined  media  indicates 
clearly  that  a  number  of  biologically  active  unknown  factors,  required  by 
organisms  which  have  not  been  successfully  grown,  remain  to  be  discovered. 
As  it  has  been  the  experience  in  the  past  that  growth  factors  discovered 
through  the  use  of  “lower”  organisms  have  usually  assumed  considerable 
importance  m  studies  of  “higher”  organism,  attention  should  be  focused  in 
this  direction.  If  and  when  all  the  biologically  active  compounds  and 
complexes  are  known,  the  culturing  of  mammalian  tissues  in  chemically 
defined  media  will  become  an  easy  actuality.  The  importance  of  such  an 

research  The  brief  summary  which  follows  is  presented  to  call  attention  to 
some  isolated  cases  (among  a  wealth  of  untouched  material)  where  fruitful 

W  H  ''l!!l,™°''  “d  J'  b  Biockem.  8,  163  (1945). 

w.  H.  Johnson,  Physiol.  Zodl.  26,  10  (1952).  ' 

”M.  A.  Rudzinska,  Science  113,  10  (1951). 

D.  M.  Lilly  and  J.  P.  Gilmore,  Anal.  Record  in  press. 
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investigations  may  be  made.  The  organisms  have  all  been  mentioned  in  this 
section,  but  attention  was  previously  directed  to  the  known  factors. 

Strigomonas:  At  present  these  trypanosomids  have  only  been  cultured  in 
media  containing  peptones. 

Lcishmania  and  Trypanosoma:  All  members  of  these  genera  recpiire  seruni 
factors.  Some  of  these  factors  appear  to  be  heat-labile,  and  the  serum 
undoubtedly  contains  many  factors  in  addition  which  are  required  by  the 


organisms. 

Trichomonas  and  Trichomastix:  With  one  exception,  all  the  species  of 
these  genera  have  been  cultured  only  on  complex  media  (beef  broth,  blood 
serum,  egg,  etc.).  Even  in  the  case  of  Trichomonas  foetus  (W eiss  and  Ball  ), 
which  certainly  needs  confirmation,  the  medium  contained  extracts  of  plant 
materials.  For  optimum  growth  unknown  substances  had  to  be  added  m 


enzymatically  digested  proteins  or  serums. 

Acanthamocha:  Peptones  have  been  used  in  the  few  cases  where  this 
organism  has  been  grown.  We  have  no  information  about  its  nutritional 
requirements  other  than  its  need  for  at  least  one  portion  of  the  thiamine 

Endamoeha:  So  far  a  few  species  of  this  genus  have  been  cultured,  but  m 
every  case  living  cells  of  some  sort  have  been  found  to  be  essential  constit¬ 
uents  of  the  otherwise  complex  media.  .  ,  ^  i  +  i  ir. 

Tetrahymena:  In  spite  of  the  fact  that  rapid,  indefinite,  transplantable 

and  reproduceable  growth  can  be  obtained  with  T.  geku  and  T.  wmx  m 
completely  synthetic  media,  good  evidence  exists  that  stimulatory  (gion 
rate)  factors  exist  in  natural  materials.  This  must  mean  that 
can  synthesize  everything  they  require  from  the  chemica  s  of 
hilt  fhev  take  advantage  of  certain  preformed  compounds  oi  complexes 
they  are  present.  This  ability  to  utilize  unknown  stimulatory  factors  in 
cruL  materials  make  the  use  of  these  ciliates  for  the  assays  of  vitamins, 
nmino  acids  etc  in  natural  materials  hazardous. 

Cr„:oU;  G.  sknmkns  requires,  in  addition  to 
which  are  known,-  certain  unknown  compo^d  injue^  pla 

tracts,  etc.  These  unknown  ®r^  G  scintillans  produces 

themselves  readily  to  investigation.  ^  ’  ^e  carried  out 

sufficiently  heavy  cultures  that  ‘‘f  techniques, 

turbidimetrically,  a  tremendous  a  van  ^  cultures  of  Paramecium 

Paramecium:  The  nearest  approach  ™  ^  ^  Tid  derivatives, 

involves  the  use  of  peptone,  yeas  "  Vbring  in^m^^  unknown 

none  of  which  can  he  omitted,  ""felloukri’e  amenable 

factors.  All  components  are  heat-stabile,  howevei,  and 

to  ultimate  solution. 

o  r  fhP  Hiochemistry  of  Glaucoma  scintillans  (Masters 

94a  Fuller,  R.  C.,  Studies  on  the  ^ 

thesis,  Amherst  College,  Mass.,  19  8). 
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Colpoda:  The  problem  with  Colpoda  (especially  C.  steinii)  appears  similar 
to  that  with  Paramecium.  No  attempts  have  been  made,  however,  to  sub¬ 
stitute  for  the  plazmoptyzate  medium  the  medium  of  Johnson®^  which  was 
successful  on  two  species  of  Paramecium.  An  obvious  advantage  of  Colpoda 
is  its  high  repToduction  rate  and  its  high  maximum  yield.*® 

Stylonychia  and  Pleurotricha:  These  highly  specialized  hypotrichous  cili- 
ates  have  been  grown  in  fluid  media  with  the  addition  of  Tetrahymcna  as 
food.*®  In  order  that  growth  continue,  however,  a  certain  unknown  factor 
from  yeast,  etc.,  must  be  present,  indicating  that  Tetrahymcna  is  lacking  or 
deficient  in  this  factor  required  by  the  hypotrichs.  The  active  fraction  has 
now  been  concentrated  by  chromatographic  methods  so  that  a  fraction  of 
a  microgram  per  milliliter  of  fluid  (along  with  the  food  organism)  permits 
growth.*^ 

Euplotes:  Lilly  et  al.^^  have  reported  that  E.  patella  requires  a  factor 
similar  to  or  identical  with  the  Stylonychia  factor  (from  yeast)  and  in 
addition  two  other  unknown  factors,  one  from  liver  and  one  from  bacteria 
(heat-killed). 

Ihe  above  list  of  animal  microorganisms  represents  a  small  fraction  only 
of  those  whose  cultural  characteristics  have  been  investigated,  even  cur¬ 
sorily.  Ihe  vast  numbers  which  occur  as  free-living  of  parasitic  organisms 
offer  a  wealth  of  material  for  future  workers.  E.xploitations  of  this  group, 
with  emphasis  on  biochemistry  and  nutrition,  should  prove  of  great  value 
to  the  general  field  of  nutrition. 


111.  Worms 


Of  particular  interest  to  students  of  comparative  nutrition  are  the  reports 
of  Dougherty  and  associates  on  their  experiments  with  rhabditoid  nema¬ 
todes.  These  organisms  are  easily  obtained  from  soil  enrichment  cultures 
and  appear  to  offer  excellent  material  with  which  to  work.  The  forms  used 
by  Dougherty  and  co-workers  belong  to  the  genus  Rhabditis,  and  although 
many  papers  have  appeared  regarding  the  culture  of  various  species  of  this 
genus,  little  of  a  biochemical  nature  appeared  until  recently. 

The  first  report  from  the  California  group**  deals  with  their  techniques 
for  estalfiishing  pure  cultures  of  Rhabditis  pellio,  a  dioecious  symbiont  of 
earthworms,  and  R.  bnggsae  (elegans),  a  monoecious  soil  dweller.  These 

^'''""-^^^^ered  cultures  using  Escherichia  coli 
as  the  foo(  organism.  Most  difficulty  was  encountered  in  rendering  worms 

mixed  bactenal  associates,  aseptic.  This  was  finally  accomplished  by  a 

’•  D  M  o  229,  341  (1939). 

i->.  ivi.  Lilly,  Physiol.  Zool.  16,  146  (1942).  ^ 

98  ^  ^  unpublished  observations. 

***  E.  C.  Dougii^ty  Ifnd  m  Heilshorn,  Anal.  Record  106,  32  (1949). 

55  (1948).  ■  ■  Helminthol.  Soc.  Wash.  D.  C.  16, 
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24-hr.  treatment  of  gravid  females  with  a  mixture  of  penicillin  and  strep¬ 
tomycin  (5000  units  of  each  per  milliliter)  followed  by  sterile  water  rinse 
and  a  1-hr.  exposure  to  1:1000  aqueous  solution  of  merthiolate.  From  the 
merthiolate  solution  viable  larvae  were  transferred  through  one  or  two 
changes  of  sterile  water  (usually  containing  penicillin)  and  placed  onto 
slants  containing  E.  coli.  Pure  cultures  were  uniformly  obtained  from  two- 
membered  cultures  by  3-  to  4-hr.  exposure  to  streptomycin  (5000  units 
per  milliliter  in  broth). 

Pure  cultures  of  Rhahditis  pellio  and  R.  briggsae  {ekgans)  have  been 
maintained  for  many  transplants  on  a  complex  medium  (Difco  nutrient 
agar)  supplemented  with  Seitz-filtered  liver  extract.  In  the  case  of  the 
dioecious  R.  pellio  decreased  fertility  manifested  itself  eventually,  leading 
to  the  hypothesis  by  the  authors  that  the  medium  was  deficient,  although 


TABLE  3 

Growth  of  Rhahditis  briggsae 


Chick  embryo  juice  Amino  acid-vitamin  medium 


0 

Undiluted 
1  part 
0.8  part 
0.1  part 


Undiluted 

0 

1  part 
1  part 
1  part 


Growth 

Maturity* 

Second-generation  larvae 

0 

0 

0 

+ 

+ 

+t 

+ 

+ 

+t 

+ 

+ 

+ 

+ 

0 

0 

*  Maturation  and  eggs  at  4  days, 
t  Very  few  larvae  at  8  days, 
t  Massive  cultures  of  larvae  at  8  days. 

laterioo  they  state  that  the  infertility  probably  was  of  genetic  origin,  owing 
to  the  imbreeding.  The  factor  (or  factors)  brought  in  by  the  liver  was  founc 
t:  be  Zt-labilelnd  not  to  correspond  to  any  of  the  Bv.tan.m. 

Using  the  hermaphroditic  form  Rhabdths  bnggsae  Dongheity  e(  ah 
have  bin  able  to  overcome  some  of  the  difficulties  encountered  m  the  liver 
extract-containing  medium  and  have  obtained  as  rapid  and  prolihc  giwrth 

fcoftrorcontaiing  living  bacteria.  This  'ti;; 

acid  medium  of  Kidder  and  Dewey'”'  to  which  was  addixl  chuk  embry 

juice.  Neither  the  Telrahymcna  medium  alone  nor  ' 

gave  these  results  (Table  3).  The  embryo  juice  ^ 

a  r  4-  .  flpficient  111  some  components  suppuea  oy  n 

factor  or  ac  ors  Tixasmuch  as  the  Tetrahymena  medium  showed  no 

-  rtirriXr:; 

;:,tTacl:r“  the  .-eal  difference  between  the 

...  E.  C.  Dougherty.  J.  C.  Raphael,  and  C.  H.  Alto..,  Tree.  Hel,nin>kol.  Soc.  H  ask. 

...  a.  W.  Ki’dto  and  V.  C.  Dewey,  Arch.  Biochem.  20,  433  (1949). 
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dietary  requirements  of  Rhabditis  and  Tetrahymena,  and  indeed  Inrds  and 
mammals,  will  probably  be  only  one  or  few  complexes  which  these  vmrms 
have  lost  the  ability  to  synthesize,  and  that  they  will  ultimately  be  found 
to  be  dependent  on  the  “essential”  amino  acids  and  the  usual  B  vitamins. 
Fractionation  of  the  chick  embiyo  juice  and  of  liver  extract  has  been 
carried  out.i°^“  An  active  fraction  from  both  sources,  called  factor  Rb,  ap¬ 
pears  to  be  protein  in  nature  and  is  heat-labile.  We  can  look  forward  with 
confidence  to  further  valuable  information  on  these  nematode  worms, 
especially  since  the  announcement  in  abstract  form  of  partial  success  in  the 
culture  of  the  Steinernematid  Neoaplectana  glaseri^^'^  in  defined  media.  No 
details  were  given,  however. 


IV.  Insects 

The  practical  aspects  of  insect  nutrition  have  been  recognized  for  years, 
and  a  host  of  reports  have  appeared  dealing  with  the  natural  food  habits, 
food  selectivity,  etc.  Extensive  revieAvs  of  this  literature  are  available.^  - 
104, 105  From  the  biochemical  standpoint,  however,  no  insect  species  has 
been  thoroughly  worked  out  as  to  its  dietary  requirements.  In  those  species 
where  asepsis  has  been  accomplished  (mosquito  and  fruit  fly)  in  a  convinc¬ 
ing  manner  there  appears  many  gaps  in  our  knowledge.  In  the  dry-food 
insects  (certain  beetles  and  moths),  although  bacterial  contamination  of  the 
food  is  gratifyingly  low,  there  always  remains  the  possibility  of  important 
contributions  by  intestinal  microorganisms  obscuring  a  true  synthetic  lack. 

Nevertheless  the  valuable  and  interesting  reports  which  have  been  made 
on  this  group  contribute  much  to  our  knowledge  of  comparative  biochem¬ 
istry  and  nutrition.  In  most  of  the  insects  which  have  been  critically 
examined,  quantifications  are  based  on  larval  or  growing  forms,  for  it  is 
often  the  case  (certain  moths)  that  the  adults  feed  little  or  none  or  if  they 
do  will  maintain  themselves  on  carbohydrate  and  water  (certain  flies).  To 
determine  growTh  requirements,  therefore,  the  actively  growing  stages  are 
used.  So  far  only  a  few  of  the  factors  (dietary)  influencing  the  complicated 
process  of  eclosion  are  known,  but  this  stage  is  often  used  in  relation  to 
time,  for  quantification  of  results. 


1.  Diptera 

1  he  most  exhaustive  stinlies  on  this  order  concern  themselves  with  larval 

and  pu})al  stages  of  the  yellow  fever  mosciuito  Aedcs  and  the  fruit  flv 
Drosophila.  ^ 


E.  C.  Dougherty,  Expll.  Parasitol.  1,  34  (1951). 

N.  R.  Stoll,  J.  Parasitol.  34,  12  (1948). 

Co  E-  Dutton  and 

w  Rev.  Biochem.  9,  617  (1940) 

W.  Trager,  Physiol.  Revs.  21,  1  (1941). 
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The  nitrogen  nutrition  of  Drosophila  has  received  some  attention  al¬ 
though  all  the  amino  acid  requirements  are  not  as  yet  satisfactorily  demon¬ 
strated.  It  was  early  shown  that  the  fruit  fly  could  be  grown  aseptically/®®' 
107,  108  media  used  (casein,  yeast,  etc.)  did  not  produce  information 

regarding  amino  acid  requu’ements.  Schultz  et  have  reported  in  ab¬ 
stract  form  that  sterile  eggs  of  Drosophila  will  hatch  and  the  larvae  will 
pupate  on  a  medium  based  on  crystalline  amino  acids,  and  Rudkin  and 
Schultz,^^®  again  in  abstract  form,  report  that  the  amino  acid  requirements 
of  Drosophila  are  essentially  similar  to  the  mammal.  Hinton  et  al}  carried 
out  an  extensive  study  of  Drosophila  in  a  chemically  defined  medium.  They 
found  a  requirement  for  arginine,  isoleucine,  and  tryptophan  and  found 
that  glycine  in  high  concentrations  was  beneficial.  An  important  finding  in 
the  study  by  the  Amherst  workers  was  the  serious  results  of  amino  acid 
imbalance  and  the  inhibitory  effects  of  even  the  recpiired  amino  acids.  This 
recalls  a  like  finding  in  the  earlier  studies  of  Tetrahijmena.^’ 

Hinton  et  aU  report  that  only  the  natural  isomer  of  tryptophan  is 
utilized,  that  D-serine  is  highly  inhibitory  and  L-serine  mildly  so,  and  that 
citrulline  (but  not  ornithine)  shows  a  sparing  effect  on  arginine.  Citrullme 
also  spares  biotin.  From  the  data  given  one  can  say  that  certain  ammo 
acids  normally  found  in  casein  (alanine,  aspartic  acid,  hydroxyprohne, 
proline,  serine,  and  tryosine)  are  not  dietary  requirements,  as  grovdh  re¬ 
sulted  when  these  were  all  omitted  from  the  medium.  One  suspects  also  no 
dietary  requirement  for  glutamic  acid  and  cystine,  in  the  sense  that  the 
organisms  are  incapable  of  their  specific  synthesis.  It  was  found,  however, 
that  the  addition  of  the  non-essential  amino  acids  (except  serine)  had  a 


favorable  effect  on  growth.  .  ^ 

Trager^^^-  has  studied  the  growth  and  nutrition  of  the  larvae 

yellow  fever  mosquito  Aedes  aegypti  for  many  years.  His  media  contamec 
casein,  however,  so  no  information  regarding  ammo  acid 
was  obtained.  Tliis  problem  has  been  taken  up  by  Goldbeig  and  d  • 

tJsing  crystalline  amino  acids,  they  report  growth  failure  to  ‘1;“  » 
gaiii.sm  upon  the  omission  from  the  medium  of  any  one  of  «,se  ' 

tial”  amino  acids,  except  phenylalanine.  Ty^snie  or 
not  both,  were  necessaiy,  especially  for  melanine  report 

reduce  tyrosine  to  phenylalanine  is  rare  among  animals,  and  P 

needs  confirmation  before  acceptance. 
lOB  A.  Delcourt  and  E.  Guy^not, 

107  j.  Loeb  and  J.  H.  Northrop,  J.  Biol.  Chem  23,  431  (1915). 
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The  growth  factor  requirements  of  the  Diptera  have  received  relatively 
more  attention  than  have  the  nitrogen  requirements.  For  most  of  the 
Diptera  studied  this  information  is  still  fragmentary  and  often  uncertain. 
Positive  findings  of  requirements  can  be  qualitatively  accepted  as  indicating 
a  need  for  compounds,  over  and  above  that  which  may  be  contributed  by 
other  organisms  or  as  contaminants  of  certain  components  of  the  diet.  The 
common  inclusion  of  commercial  yeast,  nucleic  acid,  lecithin,  cholesterol, 
casein,  and  even  agar  with  the  hope  that  they  represent  the  pure  com¬ 
pounds  corresponding  to  the  label  on  the  bottle  is  precarious  for  definiti\  e 
information.  Before  one  can  say  that  any  organism  docs  not  retpiire  a 
certain  chemical  compound  in  its  diet,  all  components  must  be  rigorously 


examined  for  traces  of  that  chemical. 

Of  the  fat-soluble  factors  only  cholesterol  appears  to  be  dietarily  im¬ 
portant  to  Diptera.  The  fleshfly,  Lucilia  sericata,^'^  will  not  grow  in  ether- 
extracted  meat  peptone  plus  yeast  extract  but  will  grow  normally  in  this 
medium  upon  the  addition  of  cholesterol.  Van’t  Hoog'^^  has  shown  a 
cholesterol  requirement  in  Drosophila,  and  Goldberg  and  de  Meillon^^®  in 
Aedes  aegypti. 

The  usual  water-soluble  factors  have  been  found  important  in  Diptera 
nutrition.  Drosophila  recjuires  thiamine,  riboflavin,  pyridoxine,  pantothen, 
niacin,  biotin,  and  folic  acid,“^'  but  does  not  require  inositol,  thioctic 
acid,  carnitine,  or  PABA.^  Drosophila  is  like  Tctrahymeiia^^  in  its  inability 
to  synthesize  niacin  from  tiyptophan."®  Some  indication  of  a  possible 
function  of  biotin  in  amino  acid  metabolism  comes  from  the  observation 
that  citrulline  exerts  a  sparing  action  on  the  biotin  requirement.^  This  was 
not  found  to  be  the  case  with  lecithin,  however,  although  the  nature  of 
the  experiments  does  not  altogether  rule  out  the  possilfility.  Although  whole 
nucleic  acid  is  usually  added  to  the  “synthetic”  media  used  in  Drosophila 
culture,  its  necessity  or  the  necessity  of  its  components  has  not  been  clearly 
demonstrated.  Hinton  et  al}-^  have  shown,  however,  that  an  inversion 
stock  [Inversion  (2LR)40d]  failed  to  pupate  unless  adenine  was  supplied. 
No  other  purine  or  pyrimidine  tried  would  substitute  for  adenine.  Although 
it  was  not  used,  one  would  expect  hypoxanthine  to  meet  this  reipiirement. 
This  IS  a  very  interesting  problem,  and  the  report  is  obviously  of  a  pre- 
iminaiy  nature.  Fuithei  studies  on  this  and  other  ])urine-  and  jiyrimidine- 
requirmg  stocks  are  in  progress  (Ellis,  personal  communication). 

Larvae  of  Aedcs  aegypti  (Table  1)  retiuire  thiamine,  riboflavin,  pantothen. 


R.  P.  Hobson,  Biochem.  J.  29,  2023  (1935). 

E.  V.  van’t  Hoog,  Z.  Vitaminforsch.  5,  118  (1936). 

117  ^  B.  de  Meillon,  Biochem.  J.  43,  372  (1948). 

E.  G.  van’t  Hoog,  Z.  Vitaminforsch.  4,  300  (1935). 
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pyridoxine,  and,  for  pupation,  folic  acidd^^  Trager^^®  has 

shown  that  at  least  part  of  the  biotin  requirement  can  be  replaced  by 
oleic  acid,  an  oil  from  plasma  or  lecithin.  Pimelic  acid  was  inactive  as  a 
substitute  for  biotin. 

2.  CoLEOPTERA 

The  most  e.xtensive  work  on  this  group  has  been  done  by  Fraenkel  and 
his  associates.  Although  Fraenkel  does  not  work  with  axenic  cultures, 
much  valuable  information  has  been  accumulated. 

The  nitrogen  nutrition  of  the  beetles  remains  largely  unknown.  Casein 
has  been  the  usual  nitrogen  source  in  the  diy  food  (largely  starch)  of  these 
forms.  Recently,  however,  Lemonde  and  Bernard^^®  have  grown  the  flour 
beetle  Tribolium  confusum  on  a  diet,  the  principal  source  of  nitrogen  being 
ciystalline  amino  acids.  On  the  basis  of  decreased  pupation  time  or  no 
pupation  they  state  that  the  usual  ten  ‘ ‘essential’  amino  acids  (aiginine, 
histidine,  lysine,  tiyptophan,  phenylalanine,  methionine,  threonine,  leucine, 
isoleucine,  and  valine)  are  dietary  requirements  for  this  species  (Table  2). 

These  conclusions  have  been  confirmed  (Printy  and  Fraenkel,  personal 
communication).  Moore'^e  p^s  reported  identical  requirements  for  the  car¬ 
pet  beetle  Attangenus  sp.  . 

Some  beetles  have  beeii  found  to  have  a  carbohydrate  requirement. 
Tenehrio  failed  to  grow  unless  carbohydrates  were  present  m  an  otherwise 
complete  medium.^^^-  Fraenkel  and  co-workers  have  found  carbohydrate 
requirements  in  the  following  beetles:  Tenehrio  molitor,^^^  Silvanus  swmm- 
mensis,  Stegobium  (Sitodrepa)  paniceum,^^-^  and  Palorus  raizeburgi.  i  o 
carbohydrate  is  necessary  in  the  diet  of  Tr^bolium  conjusum  Las^derma 
serrecorne,  or  Ftinus  tectusy-^  These  reciuirements  or  lack  of  them  play 
role  in  determining  the  distribution  of  these  beetles  m  nature. 

Studies  on  the  fat-soluble  substances  required  by  the  beetles  hav^e  leei 
most  interesting.  Fraenkel-  ami  Fraenkel  and  Blewett- 
investigation  of  the  sterol  requirement  of  severa  beetles, 
all  five  beetles  studied  required  a  sterol,  although  some  — ^ 
adversely  affected  on  sterol  low  diets  tha,>  others.  It  .s  of  .ntere.st  that. 

121  W.  Trager  and  Y.  SubbaRow,  Btol.  Bull.  75, 
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although  all  beetles  will  utilize  cholesterol  and  7-dehydrochotesterol,  most 
failed  to  grow  on  calciferol  and  others  grew  but  poorly.  Dermestes  vulpinus, 
the  hide  beetle,  failed  to  grow  in  the  presence  of  the  plant  sterol,  sitosterol, 
or  the  microorganism  sterol,  ergosterol.  Tribolium,  Lasioderma,  Silvanus, 
and  Ptinus  grew  well  on  these  sterols  as  well  as  the  sterol  of  animal  origin 
(cholesterol). 

It  may  be  concluded  that  probably  all  insects  require  dietary  sterol  and, 
unlike  the  vertebrate,  cannot  use  vitamin  D.  Nothing  is  yet  known  of  the 
function  of  sterols  in  insects. 

Water-soluble  vitamins  are  required  by  all  beetles  so  far  studied. 

As  might  be  expected  thiamine,  riboflavin,  niacin,  pyridoxine,  and  pan- 
tothen  were  first  detected  as  dietaiy  requirements,  and  it  may  be  concluded 
that  these  five  are  as  important  for  the  Coleoptera  as  for  the  Diptera  and 
Ciliata. 

When  it  comes  to  the  more  active  vitamins,  folic  acid  and  biotin,  there 
appears  to  be  some  divergence,  although  Cooper  and  Fraenkeb^®  state  that 
this  may  be  due  to  inclusion  of  the  traces  of  these  vitamins  in  certain 
constituents  of  the  diet.  It  is  probably  safe  also  to  assign  the  role  of  biotin 
and  folic  acid  supplier  to  intestinal  microorganisms,  at  least  in  part. 
Wherever  the  tests  have  been  critical,  all  insects  show  requirement  for  all 
seven  B  xdtamins. 


Ihe  requirement  for  choline  varies.  Thus  Ptinus,  Lasioderma,  Tenehrio, 
and  Palorus  respond  to  added  choline  in  the  diet,  whereas  Tribolium, 
Silvanus  and  Stegobium  do  not.  In  Stegobium,  grovdh  is  good  without  choline 
even  under  aseptic;  conditions. 

Two  beetles  have  been  found  which  require  vitamin  B-r  or  carnitine’"*'’ 
in  the  diet.  These  are  Palorus  ratzeburgi  and  Tenebrio  molitor}-^' 

139.  142  compound  is  widespread  in  natural  materials,  being  highest  in 
materials  of  animal  origin  (except  the  hen’s  egg  and  Tetrahymena  ex¬ 
tracts). 

One  IS  tempted  to  speculate  that  carnitine  might  be  active  in  Tenebrio 
and  Palorus  by  virtue  of  labile  CH3  groups.  This  speculation  becomes  less 
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attractive,  however,  when  it  is  remembered  that  choline  is  an  absolute 
requirement  for  Palorus  and  a  partial  requirement  for  Tenebrio.  For  the 
present,  therefore,  it  must  be  said  that  no  function  is  known  for  this  com¬ 
pound,  either  in  these  two  insects  for  which  it  is  a  dietary  requirement  or 
in  higher  animals  where  it  is  invariably  present. 


3.  Lepidoptera 

The  caterpillars  of  a  few  moths  have  been  investigated  under  conditions 
which  have  yiekled  some  valuable  information.  In  some  cases  only  isolated 
factors  of  their  nutrition  is  known,  whereas  somewhat  complete  information 
is  at  hand  for  others. 

In  their  extensive  work  on  insect  nutrition,  Fraenkel  and  his  associates 
have  investigated  three  species  of  Ephestiu,  one  species  of  /  lodia,  and  the 
clothes  moth  Tinoola.  For  E.  kuchnicllo,  and  E.  clutcllo,  these  workers 
found  that  growdli  failed  in  the  absence  of  the  usual  B  vitamins  (Table  4), 
and  choline  was  found  to  be  somewTat  beneficial  for  E.  kuehniella  and 
necessary  for  E.  eluielta.  A  sterol  (cholesterol)  is  indispensable  for  both, 
and  grow’th  failed  in  the  absence  of  w'heat  germ  oil.  The  saponifiable  frac¬ 
tion  of  the  w'heat  germ  oil  could  be  replaced  by  linolemc  or  Imoleic  (but 
not  oleic)  acids^'*'*’  and  is  necessary  for  emergence  of  the  larva  and  for 
normal  scale  development  of  the  adult.  The  unsaponifiable  fraction  of 
wheat  germ  oil  is  necessary  for  larval  growth  and  could  be  replac.^  by 
a-tocopherol'«  or  arachidonic  acid.'*‘  It  is  believed  that  a-tocopherol  acts 
as  an  antioxi.lant  (ethyl  and  propyl  gallates  and  ascodnc  acid  also  produce 
growth  effects).  Both  species  require  carbohydrate;  E.  kuehmella  is  able  to 
utilize  both  starch  and  glucose,  hut  E.  elutdla  cannot  utilize  starch. 

Both  Ephestia  cm.tella  and  the  closely  related  Plodia  interpnnctdla  appear 
similar  in  their  nutritional  requirements.  These  two  species  have  not  been 
as  thoroughly  investigated  as  E.  kuehnidla  and  E.  dutdla  hut  there  a^ 
pears  to  be  ohy  one  major  nutritional  difference  between  them.  In  Plod, a 
Lergence  and  wing-scale  development  are  normal  in  the  absence  of  dietary 
fatty  acids,  although  growth  is  somenduat  retarded.  is 

rignmclt^“  vherher  tte 

f)ut  is  able  to  grow'  normally  m  the  ahsei  c  y  Aalaia 

(Table  4),  whereas  Malocosoma  neustna  requires  caibohydia  .  .  g 
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uriicae  and  Pieris  brassicae,  on  the  other  hand,  require  fat  in  the  diet  but 
do  not  require  a  dietary  carbohydrate 

The  wax  moth,  Galleria  mellonclla,  in  addition  to  reciuiring  fat  in  the 
diet,  requires  at  least  thiamine  and  nicotinic  acid,^^*'^^®  and  the  rice  moth, 
Gorcyra  cephalonica,  requires  thiamine,  riboflavin,  and  pyridoxine^®^- in 
addition  to  unidentified  factors. 

V.  Conclusions 


One  of  the  first  things  which  strikes  one  in  reviewing  what  is  known  about 
the  biochemistiy  of  nutrition  in  the  invertebrate  animals  is  the  meager 
nature  of  the  data.  Of  the  tens  of  thousands  of  species  only  a  few  have  been 
investigated  in  a  manner  which  yields  precise  information.  These  few 
belong  to  but  three  phyla,  the  Protozoa,  the  Nemathelminthes,  and  the 

Arthropoda.  . ^  .u  • 

In  spite  of  the  small  number  of  types  studied,  it  is  impressive  that  their 

nutritional  patterns  should  so  closely  correspond  with  each  other  and  to 

those  of  birds  and  mammals.  One  sees  a  striking  similarity  between  the 

amino  acids  needed  by  all  forms.  Thus  we  can  say  that  the  “animal  s 

essential  amino  acid  pattern”  consists  of  arginine,  isoleueine  leucine  lysine 

phenylalanine,  methionine,  tryptophan,  threonine,  and  valine,  and  to  all 

but  that  of  man  must  be  added  histidine.  Additional  enzymatic  deficiencies 

in  some  types  have  occurred  so  that  serine,  glycine,  and  proline  must  be 

Thfbar Ctamins  are  regularly  required  by  all  animals  Exceptions 
are  rare-  for  instance,  niacin  is  not  required  by  mammals  (in  the  presenc 
of  adequate  tryptophan)  nor  biotin  by  Tetrahymena.  The  need  for  thiamine, 

rif ?=='=:■  rrrt-i 

Sng  insect;  carnitine  for  two  species  of  beetles;  thioctic  acid  for  ciliates; 
and  purines  and  ^“‘t  ttrabove  comparisons  will  have  to  be 

more  T  have  the  olivious  advantage  of  leniling  weight 

Bias  ^  “ 

us  D.  Rubeiisten.  and  L.  Shebun  ^1!.  U.R.S.S.  9,  190  (1940). 

149  D.  Rubenstein  and  L.  bhekun  a941). 

U.  M.  H,  Hayd.ak,  ''"'g  greeiVivasaya,  Current  Sci.  (India)  11,  332 

161  P.  S.  Sarma,  B.  G.  bwami,  anti 
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1.  iniroQuction 

1.  Free  Energy  and  Cell  Dynamics 

brouir^r^t*  of  constituents  of  living  cells  has 

brought  about  a  revolution  in  biochemiofll  tbni,o-L+  v  u  •  •  ^ 

energy  supply  and  utilization  by 
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that  of  even  a  few  decades  ago,  when  the  animal  body  was  apt  to  be  con¬ 
sidered  as  merely  a  kind  of  heat  engine  into  which  certain  amounts  of 
foodstuffs  were  ingested,  burned  with  the  release  of  very  precisely  ascer¬ 
tainable  amounts  of  heat,  and  the  waste  products  excreted.  It  is  true  that 
the  insight  of  gifted  workers  such  as  F.  G.  Hopkins  made  them  aware  of 
the  limitations  of  such  a  mechanistic  point  of  view  long  before  full  experi¬ 
mental  evidence  had  been  obtained  which  was  to  make  such  a  narrow  inter¬ 
pretation  of  biochemical  and  metabolic  phenomena  ciuite  untenable.  The 
full  realization,  however,  by  the  rank-and-file  of  biological  workers  that 
the  living  body  is  in  a  state  of  continual  flux,  in  which  the  foodstuffs  in¬ 
gested  are  coming  continually  into  equilibrium  with  the  tissues  themselves, 
which  in  turn  are  continually  breaking  down  and  being  renewed,  must  be 

considered  a  product  of  the  “era  of  isotopes. 

The  explicit  and  brilliant  formulation  by  Schoenheimer^  of  this  dynamic 
interpretation  of  life  processes  has  now  been  thoroughly  documented  by  an 
overwhelming  body  of  data  resulting  from  isotope  tracer  studies  bearing  on 
nearly  every  important  aspect  of  intermediary  metabolism. 

It  is  a  fact  which  is  perfectly  obvious  to  workers  in  all  disciplines  of 
biology  that  the  characteristic  activities  of  living  organisms,  such  as  growth 
and  movement,  require  the  continuous  expenditure  of  energy.  The  contin¬ 
ual  breakdown  and  resynthesis  of  body  constituents  requires  that  even 
adult  animals,  in  which  no  net  growth  is  taking  place  must  expend  large 
amounts  of  free  energy  for  synthetic  purposes,  simply  to  achieve  a  stable 
dvnamic  condition.  The  synthesis  of  cell  constituents  involves  not  only  a 
dfminution  of  entropy  implicit  in  building  up  a  highly  ordered 
structure  from  relatively  simple  building  blocks,  but  it  will  *e‘i  «iat  the 
a“  1  mical  steps  Me  in  many  cases  highly  endergonic.  Metabolic  em 
actual  cne  ^  ^  i-eactions,  which  make  available  the 

^errgy  of  carbohe  pLessel  in  order  to  drive  these  synthetic  s^ps 
to  completion.  Although  such  detailed 

^pSet^e"^^ 

present  treatment  of  energy 

be  oriented  toward  enzymatic  mechams  .  y  available  for 

catabolized,  with  the  release  of  free  "  r„pi,asis  will  be  placed  on 

the  performance  of  work  or  for  such  as  oxi- 

topics  which  are  at  present  m  a  lap  Uptween  synthetic  processes 

d:tive  phosphoiylation  and  “I 

Sen.  of  reactions  has  now  been  work^ 

. . Pc  SUte  of  Body  Co, istHneiUs.  Harvard  thiive... 

Press,  Cambridge,  1942. 
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out  in  minute  detail.  Space  will  not  permit  the  development  of  subjects 
such  as  the  utilization  of  energy  in  the  performance  of  muscular  work, 
which  would  indeed  require  volumes  in  itself. 

Although  most  of  the  experimental  data  to  be  considered  in  the  following 
discussion  have  been  obtained  in  studies  of  mammalian  tissues,  the  growing 
realization  that  certain  master  schemes  of  metabolic  pathways  are  funda¬ 
mental  to  the  pattern  of  living  of  veiy  diverse  organisms  makes  it  likely 
that  the  conclusions  drawn  from  these  data  may  have  quite  a  general 
significance. 


2.  Thermodynamic  Considerations 

Before  proceeding  to  a  discussion  of  energy  requirements  in  metabolic 
functions,  it  may  be  profitable  to  review  veiy  briefly  certain  fundamental 
thermodynamic  equations  which  are  involved.  This  treatment  of  the  funda¬ 
mental  thermodynamic  basis  of  energy  transfer  is  necessarily  perfunctory, 
and  the  reader  is  referred  to  the  standard  text  of  Lewis  and  RandalF  for 
a  more  rigorous  presentation. 

The  total  energy  content  of  any  system  may  be  considered  as  consisting 
of  two  components,  according  to  equation  1. 


H  =  F  TS 


Here  F  represents  the  free  energy  of  the  system,  T  the  absolute  tempera¬ 
ture,  and  S  the  entropy  function.  The  free  energy  component,  F ,  may  be 
described  as  that  portion  of  the  total  energy  which  is  available  for  doing 
useful  isothermal  work.  The  free  energy  change  is  the  driving  force  of  chemi¬ 
cal  reactions.  Every  spontaneous  process  which  is  observed  in  nature  is 
accompanied  by  a  net  release  of  free  energy.  Reactions  which  involve  the 
release  of  free  energy  may  be  described  as  exergonic,  and  those  which  in¬ 
volve  the  input  of  free  energy  may  be  called  endergonic. 

In  any  reversible  reaction  such  as  equation  2, 


A  +  B  ^  C  +  D 


(2) 


(A)(B)  (3) 

-wo.  ,e.  p.eisi0„,  — 

or  CHe.iea, 
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The  standard  free  energy  change  may  be  defined  as  the  free  energy 
change  which  occurs  when  all  reaction  components  are  in  their  standard 
states,  usually  taken  to  be  unit  value,  e.g.,  one  atmosphere  pressure  for 
gases  and  one  molal  for  solutes.  The  equilibrium  constant  is  related  to  the 
standard  free  energy  change  by  equation  4, 

-AF°  =  RT  In  K  (4) 


where  R  is  the  gas  constant.  From  this  equation,  it  can  be  seen  that,  when 
AF°  has  a  large  negative  value,  K  will  have  a  large  positive  value,  so  that 
at  equilibrium  A  B  will  be  very  largely  converted  into  C  +  D. 

The  concept  of  coupled  reactions  is  of  great  importance  for  biological 
reaction  mechanisms.  If  the  transformation  of  one  substance  to  another 
by  a  reaction  which  is  endergonic  can  proceed  by  a  pathway  which  involves 
a  highly  exergonic  reaction,  then  the  net  free  energy  change  is  simply  addi¬ 
tive  and  the  reaction  may  proceed  essentially  to  completion. 


A 

X 


C 

Y 


AF  =  -1-3,000  cal. 

(5) 

AF  =  -10,000  cal. 

(6) 

AF  =  -7,000  cal. 

(7) 

l-NCl;.  iT.  n  ' 

In  order  for  the  coupled  reaction  summarized  by  equation  7  “tually  to 
Lke  place,  equations  5  and  6  must  be  linked  by  a  common  reactant.  Such 
a  series  of  equations  may  be  represented  by  the  followi  g. 

„  .  A  rr  _  non  (8) 


A  +X-^B+Y 


B  -^C 


=  -4,000  cal. 
AF  =  -3,000  cal. 


(8) 

(9) 


.4  +  x-rc  +  y 


4-i-A— oT.  aF=  —7,000  cal. 
of  such  a  process  is  given  by  equation  11, 


=  X  F  E 


(11) 


where  F  is  the  faraday,  X  is  the  number  of  reductant.  In 

tion,  and  F  is  the  potential  "  the 

many  calculations  of  the  free  eneigy  ^  difference  between  the 

( _ fr\rm  I 


HT  (oxidized  form) 
F  =  Fo  +  (reduced  form) 


(12) 


The  determination  of  the  ratio  of  oxidized  to  reduced  form 
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redox  system  in  the  living  cell,  or  in  a  complicated  enzyme  system,  is  often 
impossible  for  technical  reasons.  It  is  not  likely  that  the  use  of  the  normal 
potentials,  as  a  first  approximation,  introduces  errors  of  such  magnitude 
as  to  invalidate  these  calculations,  which  often  include  other  approxima¬ 
tions  and  assumptions  which  make  a  high  degree  of  accuracy  unattainable. 

II.  Concept  of  “Energy-Rich”  Phosphate  Esters 

1.  Phosphate  Esters  and  Muscular  Contraction 

The  discovery  by  Lundsgaard^  that  iodoacetate-poisoned  muscle  was 
capable  of  performing  work  under  conditions  in  which  the  breakdown  of 
glucose  to  lactic  acid  was  completely  inhibited  furnished  one  of  the  funda¬ 
mental  facts  which  has  led  to  present  concepts  of  energy  transfer  and 
utilization.  These  experiments  showed  that  the  performance  of  muscular 
work  could  be  correlated  with  the  disappearance  of  labile  phosphate  esters. 
Further  investigation  brought  out  the  important  role  of  creatine  phosphate 
in  providing  a  reservoir  of  energy  for  working  muscle.  The  conversion  of 
creatine  phosphate  to  adenosine  triphosphate  (ATP)®  was  discovered  by 
Lohmann.6  The  work  of  Engelhardt^  indicated  that  it  was  the  breakdown 
of  ATP  itself  which  was  the  immediate  source  of  the  free  energy  required 
for  muscular  work,  giving  further  evidence  of  the  enormously  important 
biological  functions  of  this  nucleotide. 

Concomitantly  with  these  discoveries,  a  closer  understanding  of  the  pat¬ 
tern  of  reactions  of  anaerobic  glycolysis  elucidated  the  exact  enzymatic 
steps  which  are  interlocked  with  the  formation  of  ATP.  Taken  together, 
this  nexus  of  discoveries  concerning  the  generation  of  ATP  in  the  fermen¬ 
tation  of  glucose  and  its  utilization  in  the  performance  of  muscular  work 

must  be  regarded  as  one  of  the  fundamental  achievements  of  biochemistry 
to  date. 


2.  Classification  of  Phosphate  Esters 

In  a  paper  which  haji  already  begun  to  assume  the  status  of  a  classic, 
.ipmann  m  1941  did  much  to  make  clear  the  chemical  relationships  under- 

Teapolt  Publishing  Co.,  Min- 

*  E.  Lundsgaard,  Biochem.  Z.  217,  162  (1930) 

®  The  following  abbreviations  will  be  used  in  this  artiHp  atp  i 
phosphate:  ADP  .  adenosine  diphospStl  DPN  '  „  r  a" ,  r  "T'’ 
dine  nucleotide;  DPNred  =  reduced  Hinhn  K  /^^idized  diphosphopyri- 
CoA-SH.coeLymeA^CoA^^^-COCH  CoA  or 

adenine  dinucleotide-  R— P  -  low  pop  \  ^  A;  FAD  =  flavin 

_  bond;  P,  .  inorganic  orthop'hosphate 
®  K.  Lohmann,  Biochem.  Z.  271,  264  (1934). 

8  Advances  in  Enzymol.  6,  147  (1946) 

ipmann,  Advances  in  Enzymol.  1,  99  (1941). 
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lying  the  biological  functions  of  compounds  such  as  creatine  phosphate  and 
ATP.  Lipmann  noted  that  phosphate  esters  of  biological  interest  could  be 
divided  into  two  classes  on  the  basis  of  the  free  energy  released  on  hydro¬ 
lytic  cleavage  of  the  phosphate  bond.  One  group  of  these  substances,  which 
includes  acyl  phosphates,  guanidino  phosphates,  enol  phosphates,  and  pyio- 
phosphates,  is  characterized  by  the  release  of  a  large  amount  of  liee  eneigy 
—between  10,000  and  15,000  cal.  per  mole— upon  hydrolysis.  In  Lipmann’s 
terminology,  these  compounds  are  called  “energy-rich”  esters.  Another 
group  of  phosphate  esters,  which  includes  simple  esters  of  alcohols  and 
sugars,  yields  much  smaller  amounts  of  free  energy,  in  the  region  of  3000 


TABLE  1 

The  Energy  Content  of  Phosphate  Esters 

I.  High-Energy  Phosphate  Esters 

1.  Carboxyl  phosphates 

Acetyl  phosphate 
1,3-Diphosphoglyceric  acid 

2.  Enol  phosphates 

Enol  phosphopyruvic  acid 

3.  Guanadino  phosphates 

Creatine  phosphate 
Arginine  phosphate 

4.  Compounds  containing  pyrophosphate  linkages 

ADP,  ATP 
FAD,  DPN,  TPN 
Thiamine  pyrophosphate 
Inorganic  pyrophosphate 

II.  Low-Energy  Phosphate  Esters 
1.  Phosphate  esters  of  alcohols 

Glycerophosphate 
Hexose  phosphates 
Phosphorylcholine 


,  'I'hpsp  are  “energy-poor”  phosphate  esters.  In  Table  1  are 

^itralmber  eJJ.  ol  inrportanee  and  their  c— atron 

irSl^  betr^ 

two  groups  of  t  view  Attempts  have  been  made 

from  the  purely  irhysicochem  cal  i  account  for  the  magnitude 

by  Kalckar ()esper/»  an, I  of  energy-rich  ph,«- 

of  the  free  energy  change  noted  upo  Y 

phate  esters. 

9  II.  M.  Kalckar,  Chem.  Revs.  2®’ 

n  T.  LS;^dtt.Ftiral!I:  ^  A, a.  Cke,n.  Soc.  73.  1656  (1961 ). 
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Kalckar  has  pointed  out  that  many  of  these  high-energy  phosphate  esters 
may  be  expected  to  exhibit  the  phenomenon  of  opposing  resonance.  Accord¬ 
ing  to  the  theory  of  resonance,  when  a  niimlier  of  possible  structures  which 
differ  only  in  the  position  of  electrons,  may  be  written  for  a  compound, 
then  the  actual  state  of  the  compound  is  not  represented  by  any  single  one 
of  these  possibilities  but  rather  is  a  “hybrid”  to  which  all  contribute  in 
some  degree.  The  larger  the  number  of  structures  having  approximately  the 
same  energy  content  which  contribute  to  the  final  state  of  the  substance, 
the  greater  is  the  stabilization  brought  about  resonance.  Acetyl  phosphate 
may  be  taken  as  an  example  of  a  high-energy  ester,  the  component  parts  of 
which  (acetate  +  inorganic  phosphate)  are  considerably  stabilized  by  reso¬ 
nance.  However,  in  acetyl  phosphate  itself,  the  oxygen  bridge  cannot  par¬ 
ticipate  fully  in  all  the  resonance  forms  of  both  the  phosphate  and  the 
acetate  moieties  of  the  molecule;  the  phosphate  and  the  acetate  may  be 
said  to  compete  for  the  oxygen  atom,  and  a  number  of  resonating  struc¬ 
tures  are  thus  eliminated,  with  corresponding  loss  in  stability  with  respect 
to  the  breakdown  products,  acetate  and  free  phosphate.  This  must  mean 
that  a  considerable  release  of  free  energy  occurs  on  hydrolysis. 

Although  this  explanation  of  the  high-energy  content  of  many  of  these 
compounds  appears  to  have  quite  a  general  application,  Oesper’”  has  em¬ 
phasized  the  importance  of  other  factors  which  must  be  considered.  When 
acetyl  phosphate,  to  continue  the  example,  is  hydrolyzed  at  neutral  pH, 
there  is  a  considerable  amount  of  free  energy  derived  from  the  neutraliza¬ 
tion  of  the  carboxylic  acid  liberated.  This  amounts  to  about  3000  cal.  per 
mole.  Again  in  the  case  of  the  enol  phosphopyruvate,  another  factor  to  be 
considered  is  the  transformation  of  the  free  pyruvate,  after  hydrolysis,  to 
the  keto  form  which  is  more  stable,  and  this  transition  may  account  for  a 
large  amount  of  the  total  free  energy  change  noted. 


III.  Central  Role  of  ATP  in  Energy  Transfer 
1.  Interconversion  Reactions  of  ATP 
Adenine  polyphosphates  appear  to  he  universally  distributed  in  living 
ZeluT'  "f  ATP  in  muscular  function  has  been  men- 

idea  tbariTP  evidence  which  points  to  the 

prce!s  1  V  Jhlb  if  ^  '"'iaue.  part  in  the 

avXble  fo  vdt  “"<>  in  forms 

hitecm  V  ”f  k-'vn 

terconversioni  compounds  with  ATP.  These  in- 

which  summarize  rLcP  following  over-all  equations, 

eactions  occurring  in  a  very  wide  range  of  living  tissues, 

ADP  -e  creatine  phosphate  —  ATP  -|-  creatine  (13) 

ADP  -p  l,3-dipho8phoglyoerate  -  ATP  -p  3-phosphoglycerate  (14) 
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ADP  +  enol  phosphopyruvate  ATP  +  pyruvate  (15) 

ADP  +  acetyl  phosphate  ATP  +  acetate  (16) 


The  existence  of  these  reactions  lends  credence  to  the  idea  that  ATP  is 
the  currency,  so  to  speak,  of  the  living  cell  and  represents  the  common 
denominator  of  energy  transfer  reactions.  This  concept  fits  in  with  the 
finding  that  ATP  is  involved  in  a  large  number  of  synthetic  reactions, 
which  are  of  themselves  endergonic,  but  are  found  to  be  coupled  to  the 
breakdown  of  ATP  in  such  a  fashion  that  the  large  amount  of  free  energy 
released  by  the  cleavage  of  the  ATP  pyrophosphate  bond  forcos  the  syn¬ 
thetic  reaction  to  virtual  completion.  A  number  of  such  reactions  will  be 


dealt  with  later  in  this  chapter. 

It  is  a  corollary  of  this  principle  of  the  central  position  of  ATP  m  the 
energy  metabolism  of  cells  in  general  that  the  very  diverse  metabolic  pat¬ 
terns  by  which  living  cells  obtain  their  energy  must  have  one  feature  in 
common;  interconvertibility  of  a  large  part  of  this  energy  with  the  high- 
energy  phosphate  linkages  of  ATP.  This  statement  has  been  found  to  apply 
not  only  to  mammals  but  to  yeast  cells  and  a  wide  variety  of  bacteria  as 

Although  undoubtedly  an  oversimpliBcation,  this  interpretatbn  of  en¬ 
ergy  metabolism  in  terms  of  the  generation  of  high-ener^  bonds  lends  a 
certain  unity  and  continuity  to  the  study  of  living  cells  which  ni'ght  seem 
superficially  completely  dissimilar.  The  microorganism  Thiobactllus  iUon- 
doM  for  example,  carries  out  as  its  principal  energy-gaming  reaction  the 
Motion  of  elem;ntary  sulfur  to  sulfuric  acid.  During  the  course  of  this 
fnn  the  nH  falls  to  very  low  values,  and  the  organism  may  live  and 

difficult  to  find  a  type  of  metabolism  apparently  more  different  from  tha 

H  the  oxid’rtion  of  sulfur  by  this  organism  wi«  fXn 

tion  of  ATP  which  presumably  could  be  utilized  i  ^  Other 

as  in  mammalian  tissues,  for  function  and  for  he  put  for 

examples  of  the  very  wide  «  .--;;;XVlIarg  its  pa 

biological  function  are  shown  in  «‘»d'es  by  McEW 
pation  in  photoluminescence,  and  y 

current  by  the  electric  organs  of  the  eel.  j,, 

So  much  evidence  has  been  acciimula  ^  ^  awareness 

mechanisms  requiring  the  input  of  free  e^^  Phis  substance, 

has  arisen  on  the  part  of  enzymologiste  ^  to  ensyme 

that  it  has  become  one  of  the  common  reagents  routinely 

.1  K.  G.  Vogler  and  W.  W.  Umbreit,  J.  Gen.  Physiol.  26,  167  (1942). 
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reaction  mixtures.  Although  this  emphasis  is  undoubtedly  justified  in  view 
of  the  facts  just  examined,  the  danger  now  appears  that  ATP  may  come  to 
be  regarded  as  the  only  form  in  which  energy  is  made  available  for  function 
and  synthetic  reactions.  Overemphasis  on  adenine  nucleotide  and  phosphate 
bond  mechanisnis  may  lead  to  the  neglect  of  other  reaction  pathways  which 
may  be  of  importance  in  living  cells.  Very  recent  work  has  shown  that  at 
least  one  other  major  coenzyme  may  participate  in  energy  transfer  and 
synthetic  reactions,  without  requiring  the  direct  activation  of  ATP.  This 
coenzyme  is  Lipmann’s  coenzyme  A.  The  functions  of  this  substance  in 
metabolic  energy  transfer  will  be  considered  in  a  later  section  of  this  chap¬ 
ter. 

Even  with  these  reservations,  however,  an  adequate  understanding  of 
how  the  breakdown  of  foodstuffs  is  related  to  the  generation  of  ATP  is 
essential  to  an  appreciation  of  how  metabolic  energy  is  harnessed  in  a  form 
useful  to  the  living  body.  The  bulk  of  catabolic,  energy -yielding  reactions 
to  be  considered  here  can  be  arbitrarily  divided  into  two  general  areas.  The 
first  of  these  comprises  the  set  of  fermentative  reactions  by  which  carbo¬ 
hydrate  IS  broken  down  to  lactic  acid,  and  the  second  may  be  considered 
to  be  the  cyclic  series  of  reactions  by  which  not  only  carbohydrate  but  also 
fat  and  protein  undergo  terminal  respiration  to  carbon  dioxide  and  water, 
mu'"  reaction  sequences  lead  to  the  generation 


IV.  Generation  of  ATP  in  Anaerobic  Glycolysis 

1.  Oxidation  of  3-Phosphoglyceraldehyde 

The  sequence  of  reactions  by  which  glucose  is  broken  down  to  lactic  acid 
m  the  animal  body  has  been  thoroughly  worked  out,  and  most  of  the  en- 

tudy  i:T  lif  fo™  and  subjected  to 

pilrrof  the  efvcoTr  a  complete 

picture  of  the  glycolytic  pathway,  and  details  need  not  be  repeated  here 

1951,  VoT7£  Enzymes,  Academic  Press,  New  York, 

neapolis,  1949,  p.  179^^^’  Respiratory  Enzymes,  Burgess  Publishing  Co.,  Min- 
18  o  E-  Acad.  Sci.  46,  377  (1944). 

"  0.’  Warb^r"!  and  W '  Srttk"’  (>939)- 

Negeleln^  J  S.'  Si.' 
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that  inorganic  phosphate  and  diphosphopyridine  nucleotide  (DPN)  were 
required  for  the  reaction  summarized  in  equation  17. 

3-Phosphoglyceraldehyde  +  DPNox  +  Pi  ^  ^  d7) 

1,3-diphosphoglycerate  +  DPNred 

The  1 ,3-diphosphoglyceric  acid  then  transfers  its  high-energy  phosphate 
to  ATP  by  the  next  reaction  in  the  sequence; 

1,3-Diphosphoglyceric  acid  +  ADP  ATP  d-  3-phosphoglyceric  acid  (18) 


In  the  presence  of  arsenate,  ATP  is  no  longer  formed,  and  the  reactions 
given  are  diverted  so  that  3-phosphoglyceric  acid  is  the  only  product.  War¬ 
burg  and  Christian  have  postulated  that  this  effect  of  arsenate  may  he 
due  to  replacement  by  arsenate  of  inorganic  phosphate  in  equation  17  with 
the  consequent  formation  of  the  acyl  arsenate  of  3-phosphoglyceric  acid 
which  undergoes  spontaneous  breakdown,  yielding  3-phosphoglyceric  acic 

and  arsenate.  _  .  .  , 

The  actual  reaction  mechanism  by  which  inorganic  phospliate  enters  into 

reaction  17  is  of  great  interest,  since  it  may  be  considered  a  model  foi  the 

formation  of  a  high-energy  phosphate  tiond  from  inorganic  phosph^j 

coupled  to  an  oxidative  reaction.  It  was  at  first  believed  by  M  arliurg  that 

1 .3- diphosphoglyceraldehyde  was  the  intermediate: 

3.Phosphoglyceraldehyde  +  V.^  1,3-Diphosphoglyceraldehyde  +  H,0  (19) 

1.3- Diphosphoglyceraldehyde  +  DPN„-  1,3-Diphoaphoglycerate  -P  DPN„a  (20) 

Meverhof  and  his  collaborators-  have  made  extensive  efforts  to  determine 
1  3  dinhosphoglyceraldehyde  is  actually  formed  during  this  reac- 
arable  to  obtain  no  evidence  to  support  this  hypothesis. 
Nev;rtheless,  the  intermediate  formation  of  1 .3-diphosphoglyceraldehyde 
has  been  assumed  by  many  authors-  e^^periments,  and  with 

re”e  to  formulate  another  tentative  reaction  scheme. 

3.Phosphoglyceralde,.yde  +  eiia.  ^  S-Pliosphoglyceialdehyde-ei... 

3.Phosph„g,yceraldehyde-ena.  +Dl>N„=.3.Phosphoglyceric.e„a.  +  D1 

r  ,  •  -1-  P-  ;=i  1,3-Diphosphoglyceric  -1-  enz.  ) 

3-Phosphoglyceric-enz.  -P  i  .  >  i  i  „ 

1  1  o  .i.orl  that  definite  evidence  to  support  such  a 

Although  it  must  bpe  suggested  are  now  known  to 

mechanism  is  lacking,  iiiteiai  ions  sucrose  phosphory- 

occur  between  enzyme  Hassid,  and  llarker,»  and 

lase  (transglucosidase)  desciibeu  y 

..  O.  Meyerhof  and  P.  Oesper  “Hassid.’d.  Hiol.  Chem.  168,  725  (1947). 

20  M.  Doudoroff,  H.  A.  UarKer,  mm 
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in  the  action  of  the  enzyme  phosphotransacetylase  discovered  by  Stadtman 
and  Barker. All  three  enzymes  may  be  considered  as  acting  by  phosphory- 
lysis  of  a  relatively  stable  chemical  bond  between  substrate  and  enzyme 
(or  coenzyme)  with  the  production  of  the  phosphorylated  form  of  the  sub¬ 
strate  (glucose- 1 -phosphate,  acetyl  phosphate,  or  1 ,3-diphosphoglycerate). 
The  sensitivity  of  all  three  enzymes  to  arsenate  would  also  fit  in  with  the 
analogy.  The  3-phosphoglyceraldehyde  dehydrogenase  is  known  to  be  sen¬ 
sitive  to  sulfhydryl  reagents,  which  suggests  that  the  bond  between  sub¬ 
strate  and  enzyme  may  invmlve  sulfhydryl  linkages. 


2.  Enol  Phosphopyruvate 

The  second  reaction  stage  in  anaerobic  glycolysis  which  brings  about  the 
phosphorylation  of  ADP  to  form  ATP  is  the  transformation  of  enol  phos¬ 
phopyruvate  to  pyruvate,  which  occurs  according  to  reaction  24: 

Enol  phosphopyruvate  -f  ADP  pyruvate  +  ATP  (24) 

Reaction  24  was  regarded  for  some  time  as  being  irreversible,  but  in  1945 
Lardy  and  Ziegler^^  showed  that  it  was  reversible  and  emphasized  the  re¬ 
quirement  of  both  magnesium  and  potassium  ions  for  full  activity. 


3.  Efficiency 

The  efficiency  of  anaerobic  glycolysis,  viewed  simply  as  a  technical  opera¬ 
tion  employed  by  the  cell  to  generate  high-energy  phosphate  bonds,  may 
readily  be  determined.  Each  mole  of  glucose  which  is  split  to  lactate  brings 
about  the  phosphorylation  of  4  moles  of  ADP  to  form  4  moles  of  ATP 
since  the  phosphorylation  process  takes  place  at  two  stages  of  the  reaction 
pattern,  and  2  moles  of  triose  are  formed  from  each  mole  of  glucose.  How- 
ever  2  moles  of  ATP  are  fed  back  into  the  operation  in  order  to  phosphory- 

mV  T  ^  “f  2  moles  of 

Vooo  -  M  mn  ■■ep.esents  a  gain  of  about  2  X 

tuT?  T-  'J'he  ovei'-all  free  energy  cliange  for 

effi  ■  °"i'  °  *  2  moles  of  lactate  is  about  50,000  cal  The 

efficiency  IS  about  40%.  lai.  me 

seeVthauVVffi  ^ut  it  will  be 

plete  oxidation  of  glucose  to  carbon  i  x  com- 

almost  700,000  cal.  water,  which  amounts  to 

>•  H  A  Chem.  184,  769  (19501 

H.  A.  Lardy  and  J.  Z.egler,  J.  Biol.  Chem.  169.  343  (1945^  ’' 
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V.  Generation  of  ATP  in  Terminal  Respiration 

1.  Pathways  of  Terminal  Respiration 

The  importance  of  aerobiosis  and  the  necessity  of  this  way  of  life  for 
higher  animals  is  a  direct  consequence  of  the  much  greater  efficiency  with 
which  aerobic  organisms  can  utilize  available  metabolites.  Ihis  truth  was 
explicitly  demonstrated  by  the  experiments  of  Pasteur, who  grew  yeast 
cells  in  vessels  which  afforded  varying  degrees  of  surface  exposure  to  air 
per  unit  volume.  In  this  fashion,  vaiying  degrees  of  aerobiosis  were  per¬ 
mitted,  and  Pasteur  learned  that  the  amount  of  cell  substance  synthesized 
per  unit  amount  of  sugar  consumed  was  much  higher  under  aerobic  condi¬ 
tions  than  under  anaerobic  conditions.  Since  synthesis  of  cell  substance 
requires  energy,  it  was  thus  shown  that  the  breakdown  of  supr  was  very 
much  more  efficient  from  the  point  of  view  of  energy  capture  in  aerobiosis 
than  in  anerobiosis.  It  was  upon  this  simple  and  almost  austere  experi¬ 
mental  framework  that  the  “Pasteur  effect”  was  based,  which  has  since 

given  rise  to  so  many  almost  fantastically  complex  theories. 

The  understanding  of  how  substrates  such  as  simple  sugars  are  burned 
in  animal  tissues,  under  aerobic  conditions,  to  carbon  dioxide  and  water 
has  laRged  far  behind  the  study  of  the  anaerobic  glycolytic  transformations, 
because  of  technical  difficulties  in  isolating  and  studying  the  enzymes  con¬ 
cerned  In  the  light  of  present  information,  these  difficulties  are  seen  o 
stem  from  the  high  degree  of  structural  organization  of  these  enzymes, 

which  are  bound  to  cytoplasmic  granules  known  as  , 

On  the  basis  of  experimental  evidence  representing  the  contiibutions 
a  number  of  workers  Krebs“  suggested  a  pathway  for  the  degradation  of 
pyruvate  in  pigeon  breast  muscle,  which  involved  the  eatelytm  mtermrf  a 
IL  of  dicarboxylic  and  tricarboxylic  acids  in  cyclic  fafhiom  Th.  foimula 
tion,  which  has  come  to  be  called  the  Krebs  citric  acid  eye'e.  been  ffie 
subject  of  intense  investigation  and  exploitation  during  the  «  decafe 
Although  at  first  subject  to  considerable  cri^cism^  a  large 

based  principally  l^e  in'cJv'd  in  the  aerobic  degrada- 

tion  not  only  of  pyruvate  but  also  of  of  fat. 

tissues.  Figure  1  illustrates  an  in  cPC®  ^  citric 

carbohydrate,  and  protein  oxidative  metabolism,  basert 

acid  cycle.  reauire  no  further  comment,  but 

at^o:!  two  features  of  the  scheme  as  shown, 

1  n-A  ^  translated  by  F.  Faulkner  and  D.  Robb,  Ala 
23  L.  Pasteur,  fitudes  sur  la  Bifere,  transla  y 

millan  &  Co.,  London,  1879.  20  (1939). 

1.  D.  Burk,  Cold  Svrin,  Harbor 

26  H.  A.  Krebs,  Advances  in  Enzymol.  3,  191  (19  ; 
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are  based  on  rather  recent  and  important  developments.  First,  it  will  be 
seen  that  the  tricarboxylic  acid  first  formed  from  oxalacetate  and  “acti¬ 
vated  acetate”  is  citric  acid.  Evans  and  Slotin^®  studied  cell-free  enzyme 
suspensions  capable  of  fixing  C“02  into  oxalacetic  acid.  When  a-ketoglu- 
taric  acid  presumably  arising  from  radioactive  oxalacetic  acid  was  isolated 
from  this  system,  all  the  radioactivity  was  found  in  the  carboxyl  group 
adjacent  to  the  carbonyl  group.  Such  an  unsymmetrically  labeled  a-keto- 
glutarate  could  presumably  not  have  passed  through  a  “symmetrical”  citric 


FATTY  ACIDS 


(coenzyme  a) 

3  J  ^°*''^20(CH3)2CHOHCO-NHCH2CH2CO-NHCH2CH2-S-COCH3 

Fig.  1 


acid  stage.  However,  Ogsto.i^’  suggested  the  possibility  that  a  compound 
attache  by  a 

F  A  TPiro.^o,  T_  _  1  T  . 


='  a'  G  oT’’  ■’I;  CAem.  141,  439  (1941 ) 

28  ^  Nature  162,  963  (1948).  ^ 

V.  R.  Potter  and  C.  Heidelberger,  Nature  164,  180  (1949). 
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(|uiry.  This  coiupouiitl  has  now  bpcn  shown  to  bo  the  acetylated  foim  of 
Lipmanu’s  coenzyme  A,  the  pantothenic  acid-containing  coenzyme  of  acet¬ 
ylation  of  aromatic  amines.  Work  in  the  laboratories  of  Tjipmann, 
()choa,=’i’  Lynen*^  has  led  to  the  discovery  of  the  function  of  this 

compound  in  citrate  synthesis.  Its  implication  in  many  other  enzyme 
systems  has  already  focused  attention  on  this  coenzyme,  which  occupies 
a  central  position  in  so  many  converging  metabolic  pathways. 

In  the  Krebs  cycle,  the  oxidation  of  pyruvate  proceeds  m  a  stepwise 
fashion  with  the  oxidation  of  the  various  tricarboxylic  and  dicarboxyhc 
acids  which  are  intermediates.  The  electrons  which  are  removed  from  the 
substrate  molecules  at  these  oxidative  steps  are  eventually  transfeiied  to 
molecular  oxygen.  This  process  of  electron  transfer  is  very  poorly  under¬ 
stood,  but  it  is  known  to  reiiuire  the  participation  of  a  number  o  oxidation- 
reduction  enzymes  in  series,  with  the  cytochrome  system  acting  as  the 
ultimate  link  to  molecular  oxygen.  A  model  reaction  scheme,  based  on  that 
of  Lipmann®^  is  described  in  Fig.  2. 

2.  Oxidative  Phosphorylation  in  the  Krebs  Cycle 
Since  the  key  reactions  of  anaerobic  glycolysis  were  found  to  lead  to  the 
formation  of  ATP,  the  possibility  was  immediately 
metabolism  is  also  somehow  geared  to  the  production  of  . 

high-energy  Ilb:,i::f:ucrislhl  is  re- 

=  r- "tlHerr  i.  "■“  r t ol'I^gCt^^^^ 

oxidized  to  carbon  dioxide  and  natei,  th  s  i  and 

— ;e  . 

tL  crude  enzyme  preparations  capable  of  cariying  out  this  type  of 

::  g-  k  n:::!!:  “.I 

::  It 

..  rL';kes.  A.  del  Caiiipino,  I.  C.  Gouiisalus,  and  S.  Oclioa,  ..  B,o,  «3, 

721  (1951). 

..  F.  Lynen,  Ann.m,  1  liioclie.nical  Research,  Interscienee  Publish- 

36  F.  Lipmann,  tn  Green,  Currents  in 

ers,  New  York,  1946,  ,  ^2.  536  (1940). 

36  V.  A.  Belitzer  and  K.  S.  ^olovskaga  o 

37  H.  Kalckar,  Enzyrnologia  2,  47  (1947 k 

38  s  Ochoa,  J.  Biol.  Chem.  151,  493  (1943). 
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oxidation-linked  phosphorylation  were  found  to  be  extremely  labile.  Treat¬ 
ment  with  organic  solvents  even  at  low  temperature,  freezing  and  thawing, 
drying,  or  simple  storage  for  a  few  days  in  the  icebox,  brought  about 
complete  inactivation  of  the  phosphorylating  enzymes,  even  though  oxida¬ 
tive  reactions  vdth  such  substrates  as  succinate  proved  to  be  much  more 
stable.  Washed,  particulate  residues  of  tissue  homogenates,  such  as  those 
described  by  Lehninger^®  and  Potter^®  have  been  widely  used  in  the  study  of 
oxidative  phosphorylation.  Such  enzyme  preparations  must  be  supple- 
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systems  studied  is  usually  not  feasible,  because  of  the  presence  of  phos¬ 
phatases  which  rapidly  break  down  ATP  with  the  reliberation  of  inorganic 
phosphate.  It  has  been  only  recently  that  Kielley'‘'  has  reported  data 
obtained  from  systems  largely  devoid  of  ATP-ase  activity.  For  the  most 
part,  workers  have  minimized  the  effect  of  ATP-ase  by  the  addition  to  the 
test  system  of  fluoride,  which  inhibits  ATP-ase  activity ,  and  by  the  use  of 
“trapping  systems”  such  as  added  glucose  and  purified  hexokinase.  By 
means  of  such  an  enzymatic  “trap”  ATP  which  is  formed  by  oxidative 
phosphorylation  is  immediately  converted  to  glucose-6-phosphate  by  the 
action  of  hexokinase. 


ADP  +  Pi  +  12,000  cal.  ATP 


ATP  -t-  glucose 


hexokinase 


->  Glucose-6-phosphate 


(25) 

(26) 


For  each  mole  of  ATP  which  is  formed,  1  mole  of  glucose-6-phosphate  is 
produced,  and  1  mole  of  inorganic  phosphate  disappears.  It  is  thus  possible 
to  measure  the  uptake  of  inorganic  phosphate  in  isolated  enzyme  systems 
which  are  carrying  out  oxidative  phosphorylations,  and  to  correlate  this  phos¬ 
phate  uptake  with  oxygen  consumption  measured  simultaneously  in  t  e 

/moles  of  inorganic  phosphate  esterifiedX 
Warburg  manometer.  The  ratio  ^  gram-atoms  of  oxypn  consumed  / 

is  known  as  the  P/0  ratio  and  is  an  index  of  the  efficiency  of  the  phos- 

’’’^Soaffi  ™ToTthe  early  experiments  of  this  type,  measured  the  P^O 
ratio  for  the  oxidation  of  pyruvate  in  cell-free  extracts  of  cat  heart.  He 
Ltd  L™  than  2  mt  of  phosphate  were  es^rifiedj^^^^^^^^^^^^ 
atom  of  oxygen  consumed,  under  conditions  sue  TYiqrip 

ATP  was  not  completely  inhibited.  When  suitaWe^corre^^^^^ 
for  the  estirnated  loss  ‘o  hgr«  ysis^o^^^^ 

: »» ;•  " 

exist  at  least  three  successive  stages  of  "  .^ergy 

through  which  each  pair  of  ■Ttt t’e^s  must  be  available  for 

released  at  each  such  stage  by  e  T'  ||y  (jifterent  from  previously 
ATP  synthesis.  This  "  ^"""tint  i  the  oxidation  of  3- 

known  phorphorylations,  such  as  th^  »ccu^^  *  hate  is  esterified  for 
phosphoglyceraldehyde,  wheie  on  y  ^hat  in  any  case 

each  pair  of  electrons  removec .  n  g  .  ’  ,  ^hc  addition  of  inorganic 

where  the  phosphoiylating  "’f  h^n'^'n  -energy 

phosphate  to  a  substrate  *  Sequent  oxidation  of  this  addition 

nhosphate  addition  product,  and  the  suPseque 

..  W.  W.  Kielley  and  R.  K.  Kielley,  J.  Biol.  Ckem.  191,  485  (1951). 
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product  to  the  level  of  a  high-energy  phosphate  bond,  there  can  be  only  1 
mole  of  phosphate  esterified  for  each  pair  of  hydrogen  atoms  removed. 

This  statement  of  the  efficiency  of  oxidative  phosphorylation  has  not 
gone  unchallenged.  Ogston  and  Smithies^^  in  a  detailed  review  of  this  topic 
have  particularly  questioned  the  validity  of  corrections  of  the  data  for  loss 
of  ATP  through  ATP-ase  activity  and  have  presented  theoretical  arguments 
which  lead  them  to  question  the  possibility  of  P/0  ratios  as  high  as  3.  The 
evidence  at  present,  however,  lends  support  to  the  original  contention  of 
Ochoa.  Phosphate  uptake  associated  with  each  of  the  oxidative  reactions 
of  the  Krebs  cycle  has  been  studied  separately  in  a  number  of  laboratories. 
Table  2  summarizes  the  data  which  have  been  obtained.  It  will  be  seen 
that  the  oxidation  of  most  of  the  Krebs  cycle  intermediates  brings  about 
the  esterification  of  3  atoms  of  Pi,  while  for  at  least  one  step  (the  oxidation 
of  a-ketoglutarate)  there  is  evidence  that  the  actual  P/0  ratio  is  4.0.  On 
the  other  hand,  the  P/0  ratio  for  the  oxidation  of  succinate  may  be  only 
2.0. 

The  efficiency  of  the  aerobic  metabolism  of  glucose  may  be  calculated 
from  Table  2.  The  anaerobic  splitting  of  glucose  yields  2  moles  of  lactate. 
Under  aerobic  conditions,  the  oxidation  of  lactate  to  pyruvate  generates  1 
mole  of  reduced  DPN,  which  is  then  oxidized,  yielding  3  atoms  of  esterified 
phosphate.  The  subsequent  oxidation  of  pyruvate  yields  another  15  moles 
of  ATP,  or  a  total  of  18  moles  of  ATP  per  half  mole  of  glucose.  Ogston  and 
Smithies'*"  have  calculated  that  the  free  energy  change  for  the  complete 
oxidation  of  1  mole  of  lactate  is  about  324,000  cal.  Of  this  free  energy 
change,  18  X  12,000  or  216,000  cal.  are  recovered  in  the  form  of  ATP, 
reckoning  each  ATP  molecule  at  12,000  cal.  The  efficiency,  then,  is  about 
67%,  which  must  be  considered  a  very  high  recovery  when  the  process  of 
aerobic  phosphorylations  is  compared  with  other  “technical”  operations 
designed  for  energy  capture. 


4.  Phosphorylation  on  the  Substrate  Level 

Because  of  the  high  value  of  4.0  which  has  been  observed  for  the  P/0 
ratio  of  the  oxidation  of  «-ketoglutarate  to  succinate,  this  reaction  has 

^^terpreting  the  results  of  studies  on 
the  sehe^  ^  «-ketoglutarate  and  the  accompanying  phosphorylations, 
e  scheme  shown  m  Fig.  2  appears  to  fit  in  well  with  the  experimental 
findings  According  to  this  scheme,  esterification  of  1  mole  of  ffio^glffie 
p  osphate  is  associated  with  the  oxidation  of  the  substrate  molecule  Leif 

L  oxTton  of Phosphoo-lations  a.seociated  ^vith 
the  oxidation  of  3-phosphoglyceraldehyde  in  muscle  extracts',  or  of.acetalde- 

A.  G.  Ogston  and  O.  Smithies,  Physiol.  Revs.  28,  283  (1948). 
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hyde  in  CL  khujveri.*'^  This  may  be  termed  phosphorylation  on  the  substrate 
level.  Hunter^*  discovered  that  the  dismutation  of  a-ketoglutarate  in  the 
presence  of  ammonia  may  lead  to  the  esterification  of  ATP  under  anaerobic 
conditions.  The  reaction  involved  is  the  following: 

2  a-Ketoglutarate  +  NH3  ^  Succinate  +  glutamate  +  CO2  (27) 

For  each  mole  of  a-ketoglutarate  oxidized  to  succinate  and  CO2,  1  mole 
of  a-ketoglutarate  is  reduced  to  glutamate,  and  1  mole  of  phosphate  is 
incorporated  into  ATP. 

There  is  reason  to  believe  that  the  phosphorylation  coupled  to  this 
anaerobic  dismutation  reaction  is  similar  in  mechanism  to  that  observed  in 
the  first  stage  of  the  aerobic  phosphorylation  scheme.  Ijoomis  and  Lipmann^® 
found  that  the  metabolic  poison  2 , 4-dinitrophenol  has  an  “uncoupling” 


TABLE  2 


P/0  Ratios  for  Oxidations  of  the  Krebs  Cycle 


Reaction 

AP  calories  per 
gram-atom  Oj 

P/0  ratio 

Pyruvate  Oxalacetate  Citrate 

-72,500 

3 

Isocitrate  — >  a-Ketoglutarate 

-51,000 

3 

a-Ketoglutarate  — >  Succinate 

-72,500 

4 

Succinate  — >  Fumarate 

—  36 , 500 

2 

Malate  Oxalacetate 

-45,000 

3 

DPNred  ^  DPNox 

-49,300 

3 

Free  energy  data  are  those  calculated  by  Kaplan^^  on  the  basis  of  data  given  by 
Lipmann.®  P/0  data  are  based  on  determinations  by  Cross  et  al.,**  Hunter  and 


Hixon,^®  and  Lehninger.^® 


effect  on  the  oxidative  phosphorylation  system.  In  the  presence  of  the 
inhibitor,  oxygen  uptake  is  unimpaired,  but  phosphate  uptake  is  abolished. 
Hunter^o  has  found  that  the  phosphorylation  linked  to  the  anaerobic  dis¬ 
mutation  is  resistant  to  the  effects  of  dinitrophenol,  and  that  similarly  one 
phosphorylation  coupled  to  the  aerobic  oxidation  of  a-ketoglutarate  is  also 
dinitrophenol  resistant,  while  the  other  three  phosphorylation  steps  are 
inhibited.  It  is  reasonable  to  suppose  that  the  single  dinitrophenol-resistant 


«  N.  O.  Kaplan  in  Sumner  and  Myrback,  The  Enzymes,  Academic  Press,  New  York, 
R.^J.’  Crtss!  G^r  Cov^o,  R  V.  Taggart,  and  D.  E.  Green,  J.  Biol.  Chem.  177,  655 


.a  F.  E.  Hunter,  Jr.  and  W.  S.  Hixon.  '"‘.If  ’  ®  ' 

..  A.  L.  Lchninger  and  S.  W.  Smith.  J.  Bwl  Chem.  181.  f/ «)■ 
E.  R.  Stadtman  and  H.  A.  Barker,  J.  B,ol.  Chem.  180,  'W®  >949). 
..  F.  E.  'Hunter.  Jr.  and  W.  S.  Hixon,  J.  Rwi.  181.  f 

<•  W.  F.  Loomis  and  F.  Lipmann,  J.  Bwl.  Chem.  173,  8  (  )■ 

»•  F.  E.  Hunter,  Jr.  and  S.  Specter,  Federation  /  roc.  10,  201  (1951). 


ENERGETICS  AND  METABOLIC  FUNCTION 


215 


step  in  the  aerobic  sequence  represents  phosphorylation  on  the  substrate 
level,  particulai’ly  since  other  substrate-level  phosphorylations  are  also 
resistant  to  dinitrophenol.  Phosphorylations  which  involve  the  oxidation 
and  reduction  of  enzymes  of  the  electron  ti’ansfer  system,  however,  which 
may  be  termed  phosphorylations  on  the  carrier  level,  are  completely  in¬ 
hibited  by  low  concentrations  of  dinitrophenol.  Thus  phosphorylation 
coupled  to  the  oxidation  of  succinate  or  the  DPN-linked  oxidation  of 
/3-hydroxybutyrate  is  completely  abolished  by  dinitrophenol. 

The  a-ketoglutarate  substrate-level  phosphorylation  has  been  reported 
by  Kaufman®'  to  occur  in  soluble  extracts,  and  he  has  suggested  the  follow¬ 
ing  reaction  scheme  to  account  for  the  experimental  findings. 

a-Ketoglutarate  -f  DPNox  +  CoA  ^  Succinyl-CoA  CO2  +  DPNred  (28) 

a-Ketoglutarate  -f  NH3  DPNred  — ♦  Glutamate  DPNox  (29) 

Succinyl-CoA  -f-  H2O  Succinate  -f-  CoA  (30) 

Succinyl-CoA  -f  ADP  +  Pi  ^  Succinate  -f  CoA  +  ATP  (31) 

Evidence  for  the  formation  of  an  activated  succinate  arising  from  a-keto¬ 
glutarate  oxidation,  which  may  be  represented  by  a  succinyl-coenzyme  A 
complex,  has  also  been  presented  by  Sanadi  and  Littlefield®^  working  in 
Greens  laboratory.  These  workers  have  found  that  sulfanilamide  may  be 
succinylated  by  a  CoA-requiring  mechanism,  which  appears  to  be  essen¬ 
tially  analogous  to  the  acetylation  of  sulfanilamide  by  “activated  acetate.” 


5.  Phosphorylation  on  the  Carrier  Level 

Since  phosphorylation  on  the  substrate  level  can  account  for  only  1  mole 
of  phosphate  uptake  per  gram-atom  of  oxygen  consumed,  and  since  the 
oxidation  of  substrates  such  as  succinate  does  not  appear  to  involve  phos¬ 
phorylation  on  the  substrate  level  at  all,  the  central  problem  of  oxidative 
phosphorylation  in  animal  tissues  hinges  on  oxidations  of  carriers  in  the 
electron  transfer  system.  Early  attempts  by  Ochoa  to  demonstrate  oxida¬ 
tive  phosphoiy lation  coupled  to  oxidation  of  DPN„,  were  unsuccessful. 

IverTr’  r!  “  Using  cell-free  washed  residues  of  rat 

,  found  that  the  oxidation  of  chemically  reduced  DPN  brought  about 

phosphate  into  ATP  pyrophos¬ 
phate  linkages,  .\ddition  of  oxidized  DPN  was  without  effect  and  the 
ys  em  was  sensitive  to  the  usual  uncoupling  techniques.  This’  must  he 

‘'fut^Blurir^ZelST"  ^'cColluin-Pratt  Insti- 

.«  E  FTli“‘‘  'f  ■  fhtleBeld,  J.  Biol.  Chem.  193.  683  (1951). 

611  (1949).  Chem.  174,  757  (1948);  ibid.  178, 
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regarded  as  the  first  definite  evidence  for  the  participation  of  the  electron 
transfer  system  in  oxidative  phosphorylation. 

Lehninger'*®  has  extended  these  studies  by  the  use  of  the  /S-hydroxy buty¬ 
rate  dehydrogenase  system,  which  is  DPN-linked,  and  in  isolated  mito¬ 
chondria  oxidizes  /3-hydroxybutrate  in  a  one-step  reaction  to  acetoacetate, 
a  product  which  is  quite  inert  in  the  system  studied.  The  dehydrogenase 
appears  to  act  merely  as  a  source  of  enzymatically  generated  reduced 
DPN.  P/0  ratios  of  3.0  have  been  reported  by  Lehninger.  The  value  of 
3.0  would  appear  to  be  likely  for  every  DPN  or  TPN-linked  oxidation  in 


'o-p-oH 

I  OH 

R 


X-OH 


Fig.  3 

can  involve  phosphate  uptake  is  at  present  completely  mysten  . . 

..  N.  Kaplan,  Sympoainm  on  Phosphorus  Metabolism,  McCollum-Pratt  Inst.tute, 
Baltimore,  June  1951. 
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phate  to  the  pyridine  ring  of  DPNox,  and  subsequent  conversion  of  this 
addition  product  to  a  high-energy  enol  phosphate,  which  then  phosphory- 
lates  ADP  and  is  converted  to  the  keto  form.  The  pyridone  would  then 
react  with  a  mole  of  reduced  DPN  to  form  2  moles  of  DPN,  bringing  about 
a  cyclic  reaction. 

The  enzymatic  oxidation  of  reduced  DPN  is  widely  assumed  to  involve 


the  participation  of  yellow  enzymes,  with  riboflavin  phosphate  or  flavin 
adenine  dinucleotide  as  coenzymes.  Since  the  oxidation  of  reduced  DPN  is 
now  known  to  bring  about  coupled  phosphorylation,  it  seems  reasonable  to 
assume  that  flavin  intermediates  are  involved  in  the  generation  of  high- 
energy  phosphate  bonds.  Hummel  and  Lindbergh®  have  claimed  that,  in 
rabbit  liver  homogenates  carrying  on  oxidative  phosphorylation  in  the 
presence  of  inorganic  phosphate  labeled  with  P*^,  the  FAD  fraction  becomes 
very  radioactive,  and  that  the  specific  activity  of  this  fraction  approaches 
that  of  the  ATP  fraction.  These  investigators  have  therefore  suggested 
that  the  phosphate  linkages  of  FAD  might  in  fact  be  precursors  of  ATP. 
Experiments  by  Kennedy  and  Lipmann^®  have  shown  that  this  possibility 
does  not  hold  in  oxidative  phosphorylation  in  isolated  rat  liver  mito¬ 
chondria,  where  the  radioactivity  of  the  FAD  fraction  was  found  to  be 
negligible  under  conditions  where  the  ATP  became  extremely  radioactive. 

The  participation  of  the  flavin  enzymes  in  oxidative  phosphorylation 
seems  a  certainty,  if  our  ideas  concerning  the  electron  transfer  mechanisms 
involved  in  oxidation  of  reduced  DPN  have  any  validity,  but  any  sub¬ 
stantial  direct  information  on  this  topic  is  still  lacking. 

Many  attempts  have  been  made  to  demonstrate  phosphorylation  coupled 
to  oxidation  of  reduced  cytochrome  c.  Judah®^  has  presented  evidence 
which  suggests  that  phosphorylation  occurs  when  cytochrome  c  is  reduced 
in  situ  by  a  non-enzymatic  reaction  with  ascorbic  acid,  and  then  subse¬ 
quently  oxidized  enzymatically.  Slater,®®  on  the  other  hand,  has  reported 
experiments  which  he  interprets  as  meaning  that  phosphorylation  does  not 
occur  when  cytochrome  c  is  oxidized.  Slater’s  experiments  seem  to  be  open 
to  some  criticism  on  technical  grounds.  In  any  event,  it  is  difficult  to  explain 
the  P/0  ratio  of  2.0  which  has  been  observed  in  the  oxidation  of  succinate 

Pho'^Ph^O'lation  occurs  coupled  to  oxidations 
above  the  level  of  cytochrome  c.  The  potential  span  between  succinate  and 

2fooOcTn"  O'®  '^hich  is  not  sufficient  to  generate  the 

Tn  *•  j  formation  of  2  moles  of  ADP  to  ATP 

e  entire  field  of  carrier-level  oxidative  phosphorylation  is  at  present 

••  F  P  Lindberg,  J.  Biol.  Chem.  180,  1  1949). 

"  J  d  ' J^dah  I'T*””’  ''"Published  experiments 

J.  u.  Judah,  Biochem.  J.  49,  271  (1951) 

E.  C.  Slater,  Nature  166,  982  (1950). 
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far  from  satisfactorily  explored.  The  importance  of  further  information  on 
this  topic  is  obvious.  It  seems  likely  that  the  next  few  years  will  see  intensive 
efforts  made  to  penetrate  this  challenging  frontier  of  biochemistry. 


b.  Phosphorylation  and  Fatty  Acid  Oxidation 


Most  of  the  work  on  oxidative  phosphorylation  has  been  concerned  with 
the  oxidation  of  intermediates  of  the  Krebs  cycle.  Although  this  reaction 
scheme  was  originally  presented  to  account  for  the  oxidation  of  pyruvate, 
and  although  the  dicarboxylic  and  tricarboxylic  acid  intermediates  are 
often  considered  “carbohydrate  substrates,”  it  is  now  known  from  the  work 
of  Breusch,^^  Buchanan  et  al.,^  and  Lehninger®^  that  fatty  acids  are  also 
oxidized  via  the  Krebs  cycle.  Fatty  acid  oxidation  may  be  visualized  as 
proceeding  in  two  stages.  In  the  first  stage,  the  fatty  acid  molecule  is 
oxidatively  degraded  into  2-carbon  units,  which  are  now  identified  as  acetyl- 
coenzyme  A.  These  units  may  then  condense  with  oxalacetate,  to  form 
citrate,  as  shown  in  Fig.  1,  and  thus  enter  the  Krebs  cycle.  A  second  reac¬ 
tion  path  is  recombination  to  form  acetoacetate,  but,  since  the  ultimate 
fate  of  acetoacetate  in  tissues  which  possess  the  ability  to  oxidize  this 
substance  is  likewise  citrate  formation,®^  the  ultimate  terminal  oxidation 
of  fatty  acids  is  the  same  as  that  of  pyruvate.  The  P/0  ratios  observed  or 
the  Krebs  cycle  probably  may  be  assumed  to  hold  for  the  terminal  oxida¬ 
tion  of  the  2-carbon  units  derived  from  fatty  acids,  with  account  being 
taken  of  the  fact  that  one  oxidative  step  (the  oxidation  of  pyruvate)  is 


^^\Cy  little  is  known  about  the  oxidative  reactions  which  lead  to  the 

procKiction  of  acetyl-coenzyme  A  f.om  fatty  acids  in  “ 

since  it  is  likely  that  these  oxidations  utilize  the  same  elect  on  tianste 
r/tem  as  Krehs  cycle  oxidations,  and  since  fatty  aoid  oxidation  take 
X^eT  the  same  enzyme  preparations  which  are  used  for  the  study  o 
oxidative  phosphorylation,  it  wouhl  seem  likely  on  a  prior,  grounds  ha 
trover-all  P/0  ratio  for  fatty  acid  oxidation  must  he  similai  to  that 

“‘’nir/rt  meruremrte  of  Xo'phory'atio/  coupled  to  fatty 
hav/heen  reported  hy  Kennedy  and  X^nkld 

— -  -- 

..  F.  L.  Breuseh,  £n,!/jno!oirm  11.  169  (1944h  ^  ^^5 

60  J.  Buchanan,  W.  Sakami,  S.  Gunn,  ana  u. 


(1945). 

61  A.  L.  Lehninger 
E.  P.  Kennedy 
361  (1951). 


J .  Biol.  Chem.  161,  413  (1945). 
and  A.  L.  Lehninger,  J .  Biol.  Chem 


.  179,  957  (1949);  ibid.  190, 
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acid  oxidation  is  stimulated  by  the  finding  that  apparently  phosphorylation 
is  not  only  possible  but  obligatory  for  fatty  acid  oxidation.  Thus  fatty  acid 
oxidation  cannot  be  de-coupled  by  the  action  of  dinitrophenol,  as  can 
oxidations  of  the  Krebs  cycle;  the  addition  of  low  concentrations  of  dinitro¬ 
phenol  completely  abolishes  fatty  acid  oxidation  as  well  as  phosphorylation. 
Again,  aged  enzyme  preparations  which  retain  for  a  long  time  the  ability 
to  oxidize  substrates  such  as  succinate  lose  fatty  acid  oxidase  activity  at 
about  the  same  rate  as  oxidative  phosphorylating  capacity.  These  facts 
and  the  requirement  of  some  enzyme  preparations  for  a  “sparking  oxida¬ 
tion”  of  small  amounts  of  a  Krebs  cycle  intermediate  or  of  DPNred  point 
to  an  intimate  intermeshing  of  fatty  acid  oxidation  and  phosphorylation. 


7.  Role  of  Mitochondria  in  Oxidative  Phosphorylation 


Our  understanding  of  the  extremely  important  reactions  of  oxidative 
phosphorylation  in  animal  tissues  has  been  severely  handicapped  by  tech¬ 
nical  difficulties,  which  have  as  yet  by  no  means  been  overcome.  These 
difficulties  arise  from  the  fact  that  the  enzymes  exist  in  animal  tissues  in 
insoluble,  particulate  form.  In  1913,  Warbui’g  found  that  the  ability  of 
macerated  liv^er  tissue  to  take  up  oxygen  was  found  largely  in  “Koernchen” 
or  insoluble  particles  which  were  readily  removed  from  extracts  by  centri¬ 
fugation  or  by  filtration.  ^lany  other  studies  on  enzymes  concerned  with 
tei-minal  respiration  have  indicated  their  insoluble  or  structure-bound 


chaiacter.  Paiticular  attention  has  been  devoted  to  studies  of  succinoxidase 
and  cytochrome  oxidase.  Indeed,  these  enzymes  have  come  to  be  considered 
examples  par  excellence  of  “insoluble”  enzymes. 

In  more  recent  years,  a  clearer  understanding  of  the  biological  importance 
of  structure  in  enzj^me  systems  has  been  gained,  largely  as  the  result  of 
investigations  in  the  domain  shared  by  cytology  and  enzymology  Cytolo- 
gists  have  long  recognized  the  occurrence  of  microscopically  visible  granules 
either  round  or  with  thread-like  structure,  in  the  cytoplasm  of  nearly  every 
kind  of  living  cell.  The  importance  of  such  cytoplasmic  granules  was  sug¬ 
gested  even  in  the  nineteenth  centuiy  by  Altmaiin.“  These  intracellular 
bodies,  now  called  mitochondria,  have  been  the  subject  of  a  very  large  and 
for  the  most  part  somewhat  speculative  literature 

cell'i™  t  the  isolation  of 

ell  fi  actions  by  means  of  differential  centrifugation.  With  this  techninue 

d  became  possible  for  the  first  time  to  obtain  sufficient  quai  es  of  hese 

"Ir'of  Thi  "  ensymological  hivestigations  lit 

,  “  enzymological  lines,  ClaudeW.  «  discovered 

::  h: 

A.  Sn^::  '■ . 
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the  existence  of  the  submicroscopic  particulate  fraction,  the  microsomes. 
Claude  also  made  the  important  finding  that  mitochondria  and  microsomes 
are  composed  in  part  of  nucleoprotein,  with  the  nucleic  acid  being  exclu¬ 
sively  of  the  pentose  nucleic  acid  type.  Since  nucleoprotein  is  considered 
one  of  the  fundamental  constituents  of  living  matter,  found  in  similar 
particles  of  great  biological  interest,  such  as  viruses  and  bacteriophage, 
this  discoveiy  suggested  that  the  cytoplasmic  granules  were  essential  cellu¬ 


lar  units. 

Evidence  to  substantiate  this  concept  was  immediately  forthcoming. 
Investigations  by  Claude  and  by  Schneider  and  their  collaborators®®-  ®^-  ®® 
indicated  that  the  succinoxidase  and  cytochrome  oxidase  activities  of  liver 
cells  are  largely  concentrated  in  the  mitochondria,  a  finding  which  explained 
the  results  of  earlier  studies  on  these  “insoluble”  enzymes.  These  workers 
also  developed  a  technique  for  the  fractionation  of  tissue  extracts  in  hyper¬ 
tonic  sucrose  solution,  a  technical  advance  of  considerable  value,  since 
previous  work  with  distilled  water  or  buffered  saline  extracts  did  not  pre¬ 
serve  the  morphological  and  enzymological  properties  of  the  fractions 
satisfactorily.  With  this  method,  it  was  possible  to  isolate  mitochondria 
from  liver  tissue  in  a  state  approximating  that  found  m  the  intact  cell, 
with  the  full  preservation  of  many  labile  enzyme  activities  which  it  had 

been  impossible  to  study  by  previous  methods.  ^  ^  u  • 

Working  with  hypertonic  sucrose  homogenates,  Kennedy  and  Lehnmger 
61“  found  that  isolated  washed  mitochondria  of  rat  liver  tissue  oxidized  not 
only  succinate  but  also  other  key  intermediates  of  the  Krebs  cycle.  They 
also  reported  that  fatty  acid  oxidation  was  localized  m  the 
and  furthermore  demonstrated  that  phosphoiylations  to  these 

oxidations  took  place  in  these  preparations,  as  could  be  shown  with  tiac 

walVd”rtype  of  enzyme  preparation  “P^ble  of  carr^ 
the  reactions  found  in  mitochondrial  preparations  has  been  intensively 
ti  died  by  D  E.  Green  and  his  school.  Green  has  recently  summarized 
some  of  tL  results  of  these  valuable  investigations.*’  Green  h- 
name  “cyclophorase”  to  this  enzyme  system  and  has  emphasized  diff  _ 

which  are  observed  between  ®T'p,i*“(i*<.ciSca'l”TOTm.  From 

rxi  i  T?  n  Hotchkiss  J.  BioZ.  C/iem.  166,  615  (1946) 

»•  G.  H.  Hogeboom,  A.  Claude,  '  ji^geboom,  J.  Biol.  Chem.  172,  451 

67  W.  C.  Schneider,  A.  Claude,  and  G.  H.  llogeboom, 

6s  rH^Hogeboom,  W.  C.  Schneider,  and  G.  E.  Pallade,  /.  Biol.  Cke.n.  172,  619 

..rE.- Green,  in  Easall,  Enzymes  and  Enzyme  Systems.  Harvard  Univeral.y 
Press,  Cambridge,  1951,  p.  15. 


ENERGETICS  AND  METABOLIC  FUNCTION 


221 


enzyme  complex  and  has  shown  that  considerable  amounts  of  coenzymes 
are  bound  into  the  structure.  Recently,  Harmon®®“  has  correlated  the  spe¬ 
cific  properties  of  “cyclophorase”  preparations  with  their  content  of  mito¬ 
chondria  and  has  shown  that  the  mitochondria  are  the  essential  elements 
in  the  enzyme  reactions  concerned,  although  the  situation  is  perhaps  com¬ 
plicated  by  the  presence  of  other  cell  components. 

The  knowledge  that  the  enzymes  which  catalyze  the  oxidative  phos¬ 
phorylation  reactions  are  organized  into  structural  units  in  the  living  cell 
gives  us  some  insight  into  the  manner  by  which  the  cell  “compartmental¬ 
izes”  or  effects  a  division  of  labor  in  its  metabolic  activities.  For  example, 
the  breakdown  of  glucose  in  the  liver  cell,  to  the  stage  of  pyruvic  acid, 
does  not  take  place  in  isolated  mitochondria,  because  the  complete  sequence 
of  glycolytic  enzymes  is  not  present  in  these  particles  but  is  found  in  the 
soluble  supernatant.  Anaerobic  glycolysis,  then,  in  the  liver  cell,  must  occur 
in  the  cytoplasm  outside  the  mitochondria,  and  the  pyruvic  acid  which 
results  from  this  process  must  be  subsequently  taken  up  by  the  mito¬ 
chondria  which  possess  the  complete  apparatus  of  enzymes  needed  for 
o.xidation  of  this  substrate  to  carbon  dioxide  and  water.  The  free  energy 
released  by  this  oxidative  process  is  conserved  by  the  mitochondria  in  the 


form  of  ATP,  which  may  then  diffuse  back  out  of  the  mitochondria  and  be 
made  available  to  the  cell  for  synthesis  or  function.  An  alternative  possi¬ 
bility,  as  yet  inadequately  explored,  is  the  direct  building  up  of  cell  con¬ 
stituents  by  the  mitochondria  and  release  of  the  finished  products  into  the 
cell. 

This  grossly  oversimplified  picture  of  the  interrelationships  of  the  mito¬ 
chondria  and  soluble  enzymes  does  not  rule  out  the  presence  in  the  soluble 
cytoplasm  of  certain  of  the  enzymes  involved  in  Krebs  cycle  reactions,  nor 
does  it  mean  that  the  mitochondria  are  completely  lacking  in  all  the 
glycolytic  enzymes.  What  is  important  is  the  occurrence  of  all  the  compli¬ 
cated  enzymatic  machinery  or  processes  like  oxidative  phosphorylation  or 
fatty  acid  oxidation  as  organized  systems  in  cytoplasmic  structures,  and  the 
ependence  of  these  processes  on  integrity  of  structure.  It  seems  likely  that 
the  organization  of  such  enzyme  systems  into  compact  units  effects  a 

the  effective  concentration  of 
substrates  and  coenzymes,  as  well  as  of  enzymes,  is  enormously  areater 

w  en  compacted  into  these  structures  rather  than  freely  diffused  throuah 
out  the  entire  cell  volume.  It  is  also  possible  that  structural  organization  oi 

ThZpu“toZ:Lr:rr:rv":f 

—  in  crude  washed  residues  areZuch  l^TaZy 
J.  Harman,  J.  Exptl.  Cell  Research  1.  382,  394  (1950). 
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is  realized  that  they  are  intimately  bound  up  with  mitochondrial  structure 
and  in  many  cases  cannot  survive  treatment  which  affects  the  structural 
integrity  of  the  mitochondria.  Fatty  acid  oxidation  and  oxidative  phos¬ 
phorylation  are  examples  of  enzyme  systems  which  cannot  withstand  treat¬ 
ment  with  distilled  water  or  markedly  hypotonic  solutions.  It  is  known  that, 
when  subjected  to  hypotonic  media,  mitochondria  swell  up  and  eventually 
disintegrate.  The  loss  of  these  enzyme  activities  is  seen  to  parallel  loss  ol 
structural  organization  of  the  mitochondria.  Results  of  treatment  such  as 
freezing  and  thawing,  shaking  with  capryl  alcohol,  or  drying  may  similarly 


be  explained.  • 

The  realization  that  the  enzymologist  is  still  confronted  with  problems 

of  structure  in  these  completely  cell-free  preparations  is  in  a  way  dishearten¬ 
ing  The  problem  of  working  out  these  reactions  is  like  a  puzzle  in  which 
one  box  is  opened  and  is  found  to  contain  another  box  more  difficult  to 
open  and  this  in  its  turn  contains  yet  another  box,  and  so  on.  In  situations 
where  structure  is  so  important  to  the  observed  sequence  of  enzyme  reac¬ 
tions,  it  may  be  necessary  to  reconstruct  not  only  the  sequence  of  reactions, 
l,ut  also  their  peculiar  alignment  in  cell  geometry  and  to  ‘h" 

localized  conditions  under  which  coenzymes  and  substrates  are  fitted 
the  particle.  At  present,  this  ideal  reconstruction  must  be  considered  to  be 

niiite  beyond  the  scope  of  our  methods.  •  .  4.  i 

^  An  alternative  possibility  remains,  which  suggests  that  appropriate  tech¬ 
niques  may  be  found  tor  the  solubilisation  of  all  of  these  ensymes.  so  t  at 
they  may  be  brought  into  a  form  susceptible  to  purification  and  study, 
tS  Xn  mL  is  known  about  the  individual  reactions  we  may  be  able 

fotim  :.P  this  intonation  into 

that  the  tatty  acid 

Cl.  Huyvcri  can  be  readily  eMd  ™  ^  fundamental  unity 

in  detail  in  completely  soluble  form.  If  om  fa  m  » 

of  major  metabolic  pathw^s  n,etabolism  will  be  closely 

"'''‘“Tin;: 

1  H  A.  Barker  J.  Biol.  Chem.  180,  1085,  1095, 

70  E.  R.  Stadtman  and  H.  A.  UarKer,  j 


(1949). 
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to  the  solution  of  problems  which  cannot  now  be  directly  attacked  by  the 
study  of  isolated  mitochondria. 

VI.  Utilization  of  Metabolic  Energy  for  Biosyntheses 

1.  Energetics  of  Biosynthetic  Reactions 

In  the  preceding  pages,  our  attention  has  been  directed  toward  the 
exergonic  reactions  by  which  foodstuffs  are  degraded  in  the  animal  body, 
with  specific  emphasis  on  the  conservation  in  the  form  of  high-energy  bonds 
of  the  free  energy  liberated.  The  other  half  of  the  balance  sheet,  the  utiliza¬ 
tion  of  metabolic  energy  for  synthetic  reactions  and  for  function,  is  much 
more  difficult  to  describe  in  detail,  since  in  most  cases  only  limited  informa¬ 
tion  is  at  hand  concerning  these  synthetic  processes. 

The  major  constituents  of  the  animal  body — fats,  proteins,  and  carbo¬ 
hydrates — are  constantly  being  broken  down  and  rebuilt  from  simple  build¬ 
ing  blocks.  Free  energy  is  required  for  the  task  of  building  up  cell  con- 
stitutents,  not  only  because  of  the  entropy  change  implicit  in  imposing  a 
complex,  ordered  pattern  on  more  or  less  randomized  precursors  of  the 
cell,  but  also  because  the  chemical  reactions  involved  are  themselves  ender- 
gonic  under  physiological  conditions. 

Lipmann*  has  pointed  out  that  a  large  number  of  synthetic  reactions 
have  one  feature  in  common:  formation  of  more  complicated  structural 
units  by  mechanisms  involving  the  splitting  out  of  water.  A  few  such 
reactions,  which  may  be  considered  typical  are  shown  in  the  following 
equations. 


HOCH2  CH3(CH2)„C0— OCH2 
RCH(NH2)C00H  -f-  R'CH(NH2)C00H  ^ 

RCH(NH2)C0-NHCH(R')C00H  4-  H2O 
2CH2COOH  CH3COCH2COOH  -f-  H2O 


(33) 


(34) 
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considered  in  identical  fashion  with  other  reactants),  the  free  energy 
change  is  about  zero.  This  means  that  the  high  concentration  of  water  in 
aqueous  systems  such  as  are  essential  for  biosynthetic  reactions  forces  the 
reactions  to  the  left;  free  energy  must  be  provided  to  overcome  this  factor. 
It  will  be  recalled  that  many  esterification  reactions  in  ordinary  organic 
chemistry  can  be  caused  to  proceed  with  high  yields  of  ester  simply  by 
providing  for  the  continuous  removal  of  water  by  some  suitable  device. 
This  expedient  is  not  available  to  living  organisms,  carrying  out  enzymatic 

syntheses  in  dilute  aqueous  media. 

The  free  energy  change  in  reaction  34  is  much  higher;  Lipmann*  has 
calculated  it  to  be  about  16,000  cal.  In  this  reaction,  not  only  is  water  split 
out,  but  a  C— C  bond  of  a  /3-keto  acid  is  formed. 

Since  it  is  known  that  a  large  portion  of  the  total  energy  available  to  the 
organism  is  channeled  into  high-energy  phosphate  bonds,  through  the 
medium  of  ATP,  it  is  reasonable  to  suggest  that  phosphorylated  inter¬ 
mediates  may  take  part  in  coupled  reactions  to  overcome  the  energy  barrier 
and  cause  the  reactions  to  proceed  in  the  direction  of  synthesis.  A  series  of 
reactions  involving  phosphorylated  intermediates  may  be  written  m  place 
of  those  above,  which  involve,  not  the  splitting  out  of  water,  but  rather  of 
the  elements  of  phosphoric  acid. 


HOCH2 

! 

3CH3(CH2)„C0-P  +  HOCH 

HOCH5 


CH3(CH2)„C0— OCH2 
CH3(CH2)nCO— OCH  -f-  3Pi 
CH3(CH2)„C0— OCH2 


(35) 


RCHNH,CO~P  -  R'CHNH^COOH  -  RCH(NH.)CO-NHCH(R')COOH  +  P,  (36) 
CH,CO~P  +  CH.COOH  ^  CH.COCH.COOH  +  Pi  (S?) 

acetyl  phosphate. 


2. 


Role  of  Coenzyme  A  in  Synthetic  Reactions 


Although  the  postulation  of  compounds  such  - 
acyl  phosphates  of  the  higher  fatty  aci  s  „,.o,nids  a  considerable 

“actions  is  very  attractive  “STndTates  (hat  «"ese  phos- 
amount  of  evidence  has  been  o )  ame  ^  important  physiological 
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phosphates  are  tested  in  mammalian  enzyme  systems,  these  substances  do 
not  exhibit  the  properties  of  the  “activated”  state  but  instead  are  rapidly 
destroyed  by  phosphatase  action.  On  the  other  hand,  it  is  now  apparent 
from  work  of  the  laboratories  of  Lipmann,  Ochoa,  Stadtman,  Lynen,  and 
others  that  coenzyme  A  may  take  the  place  of  phosphate  in  forming  high- 
energy  addition  products. 

An  important  advance  in  this  area  was  made  by  Snell  et  who  demon¬ 
strated  that  the  sulfur-containing  moiety  of  coenzyme  A  was  jS-thiolethyl- 
amine.  Lynen*^  has  summarized  the  evidence  which  has  led  to  the  conclu¬ 
sion  that  the  sulfhydryl  group  of  this  portion  of  the  coenzyme  is  the  active 
site  for  high-energy  group  transfer.  He  has  also  reported  the  isolation  in 
partly  purified  form  of  the  active  acetyl  conjugate  of  coenzyme  A,  which 
is  designated  in  his  notation,  CoA — S — COCH3.  The  tentative  structure 
of  this  compound  has  been  shown  in  Fig.  1. 

Stadtman  and  Barker^^  had  previously  discovered  in  bacterial  extracts 
an  enzyme  (phosphotransacetylase)  which  is  now  believed  to  carry  out  the 
following  reaction: 

CHsCO^P  -[-  CoA— SH  ^  CoA— S— COCHj  +  Pi  (38) 

The  failure  of  acetyl  phosphate  to  substitute  for  “activated  acetate”  in 
animal  tissues  is  due  to  the  fact  that  phosphotransacetylase  does  not  occur 
in  highei  animals.  Instead,  other  pathways  exist  for  the  production  of 
CoA— S— COCH3. 


ATP  -f  CH3COOH  -t-  CoA — SH  CoA— S — COCH3  -f  ADP  -f  Pi  (39) 

Whereas  in  reaction  39  the  ultimate  source  of  the  high-energy  acetyl  com¬ 
pound  is  ATP,  it  is  significant  to  note  that  this  bond  can  also  be  directly 
generated  from  metabolic  energy  liberated  upon  the  oxidation  of  pyruvate 
by  a  reaction  not  requiring  the  utilization  of  ATP. 


CH3COCOOH  -f  CoA - SH  _ “pyruvic  oxidase’ 


CoA — S — COCH3  +  CO2  +  2H+  -f  2e 


(40) 


The  actual  reaction  summarized  in  equation  40  is  very  complex  and  may 
require  the  presence  of  unidentified  cofactors  as  well  as  coenzyme  A  and 
cocarboxylase.  Reaction  40  is  an  example  of  the  trapping  of  metabolic 

ATlP^Th  I”  without  direct  participation  of 

•O  H  i!  high-energy  succinyl-coenzyme  A  has  been  de 

1”  exis"  brwhich™‘“"'  “‘her  reactions 

also  exist  by  which  coenzyme  A  can  trap  metabolic  energy  directly  in  a 

form  suitable  tor  synthetic  uses.  In  this  connection,  a  p»  for 

,  Am.  C;iem.Soc.  72,5349  (1950). 
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coenzyme  A  or  a  similar  sulfhydryl  compound  in  oxidative  phosphorylation 
may  be  suspected. 

The  number  of  synthetic  reactions  known  to  involve  coenzyme  A  is 
already  large  and  is  rapidly  growing.  Some  of  these  are  shown  in  Fig.  1. 
The  implication  of  this  coenzyme  in  the  direct  formation  of  high-energy 
addition  products  by  pathways  not  involving  the  breakdown  of  ATP  points 
to  the  quantitative  importance  of  such  mechanisms  in  the  general  picture 
of  metabolic  energetics. 

3.  Synthesis  of  Fatty  Acids 


Isotope  tracer  studies  have  proved  that  long-chain  fatty  acids  may  be 
built  up  in  mammalian  tissues  entirely  from  2-carbon  units  which  are 
presumably  identical  with  CoA— S— COCH3.  As  is  the  case  with  protein 
synthesis,  it  has  been  found  very  difficult  to  study  fatty  acid  synthesis  in 
the  mammal  in  cell-free  preparations.  However,  as  discussed  above,  Stadt- 
man  and  Barker  have  succeeded  in  cariying  out  both  fatty  acid  oxidation 
and  fatty  acid  synthesis  in  cell-free  soluble  enzyme  preparations  of  Cl. 
kluijveri.  The  data  obtained  in  these  investigations  fit  in  well  with  the 
indirect  evidence  from  tracer  experiments  concerning  fatty  acid  synthesis 
in  the  mammal.  Kennedy  and  Barker^^  have  suggested  a  scheme  for  the 
oxidation  and  synthesis  of  butyrate  in  Cl.  kluyven,  based  on  the  assumption 
that  free  intermediates  do  not  occur  as  such  in  this  process,  but  rather  as 
conjugates  with  an  unidentified  coenzyme,  probably  coenzyme  A. 

CH3CH2CH0COOH  +  CoA — SH  ^  CH3CH2CH2CO— S  CoA 

±2Hjf 


CH2:CHCH2C00H  +  CoA-SH  CH2 :  CHCH2CO-S-C0A 

iHjO  I  ' 

±2Hj 

CH3COCH2COOH  +  CoA— SH  CH3COCH2CO— S— CoA 

±PiJl 

CH3COOH  +  CH3CO-P  +  CoA— SH 


th.  scheme,  the  energy 

that  2  moles  of  acetyl  phosphate  were  used  up  for  each  mole 
synthesized. 

»  E.  P.  Kennedy  and  H.  A  Barker,  TkoI  Ckem.  191,  377  (1951)- 

u  E.  R.  Stadtman,  M.  Doudoroft,  and  F.  Lipmann,  u 
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2CH3CO— S— CoA  +  H2O  CH3COCH2COOH  +  2CoA— SH  (41) 

Reaction  41  as  written  is  highly  exergonic,  since  only  16,000  cal.  are  re¬ 
quired  for  the  synthesis  of  acetoacetate.  One  mole  of  acetyl  phosphate 
should  furnish  sufficient  energy  to  allow  the  reaction  to  proceed.  Here  two 
high-energy  bonds  are  dissipated,  which  may  seem  wasteful  from  a  tele¬ 
ological  point  of  view.  However,  it  is  possible  that  mechanisms  exist  in  the 
intact  tissues  for  the  recovery  of  this  energy  by  some  type  of  feedback 
mechanism. 

The  elongation  of  long-chain  fatty  acids  in  mammals  has  certain  aspects 
of  similarity  with  the  synthesis  of  acetoacetate.  Zabin^^  has  studied  this 
process  and  has  found  that  2-carbon  units  are  added  to  the  carboxyl 
group  of  the  homologous  fatty  acid  with  2  fewer  carbon  atoms  in  a  manner 
precisely  analogous  to  the  short-chain  fatty  acid  synthesis  described  by 
Barker,  Kamen,  and  Bornstein.^®  Although  no  direct  evidence  is  at  hand 
for  the  reaction  in  animal  tissues,  the  following  reaction  sequence  seems 
likely: 

CH3(CH2)„C0— S— CoA  -I-  CH3CO— S— CoA 

(42) 

CH3(CH2)„COCH2CO-S-CoA  -}-  CoA-SH 

CH3(CH2)„C0CH2C0— S— CoA  -f  4H  CH3(CH2)„+2COOH  -f  CoA— SH  (43) 

Ihe  formation  of  fatty  acid-coenzyme  A  complexes  has  also  been  sug¬ 
gested  by  Lynen.^'*  It  is  possible  that  such  mechanisms  may  also  furnish 
the  flee  eneigy  necessary  for  the  esterification  of  glycerol  to  form  neutral 
fat  or  phospholipids. 


4.  Synthesis  of  Protein 

The  synthesis  ot  proteins  requires  the  formation  of  high-molecular-weiglit 
polymers  of  ammo  acids,  linked  through  peptide  bonds,  and  possessing 
highly  specific  spatial  configurations.  The  synthesis  of  the  peptide  bond 
sho™  m  equation  33  requires  about  3000  cal.  per  mole.  It  is  clear  from 

IS  fact  alone  that  previously  suggested  mechanisms  for  protein  synthesis 
involving  the  reversal  ot  reactions  catalyzed  by  proteolytic  enzymes  are 
a  h  r  unlikely.  Protein  synthesis  must  be  geared  in  some  fashion  o 
catabolic  processes  which  can  furnish  the  required  energy.  Although  it  has 
not  been  possible  to  study  the  synthesis  of  the  extremely  complex  p  oteii 
tructum  in  simple  enzyme  systems,  experiments  with  tissue 
demonstrated  the  requirement  for  a  vigorous  respiration  in  order  to  obtain 
maximum  incorporation  of  labeled  amino  acids  into  tissue  pmtein  T1  e 
ad  ition  of  uncoupling  agents  such  as  2,4-diiiitrophenol. 

I.  Zabin,  J.  Biol.  Chem.  189,  355  (1951). 

3”;  T.  Bornsteiii,  Proc.  Natl.  Acad.  Set.  V.  S. 

’•  T.  Winuiek,  F.  Friedberg,  and  D.  M.  Greenberg.  Arch.  BiocKetn.  16.  160  (1947). 
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respiration  to  continue  while  preventing  the  formation  of  ATP,  reduces 
incorporation  of  labeled  amino  acids  to  a  very  low  level.”  This  suggests 
that  oxidative  phosphorylation  processes  are  needed  in  order  to  activate 
the  amino  acids  for  peptide  synthesis,  but  there  is  at  present  no  direct 
evidence  for  the  formation  of  phosphorylated  derivatives  such  as  those 


shown  in  reaction  36. 

Although  it  would  seem  likely  that  the  ultimate  donor  of  energy  to  cause 
these  reactions  to  proceed  may  be  ATP,  or  some  compound  in  equilibrium 
with  ATP,  this  does  not  exclude  the  occurrence  of  exchange  reactions  on  a 
low’er  energy  level.  Glutathione  has  been  reported  by  Hanes”  to  undergo 
a  variety  of  transpeptidation  reactions,  and  it  may  be  that  this  substance 
and  other  polypeptides  may  function  to  some  degree  as  reservoirs  of  peptide 

bond  energy. 

Although  it  has  not  yet  been  possible  to  study  the  synthesis  of  proteins 
in  purified  enzyme  systems,  a  considerable  number  of  model  reactions 
which  involve  the  formation  of  peptide  or  amide  linkages  have  been  in¬ 
vestigated.  These  include  the  synthesis  of  glutamine,”  hippuric  acid,*® 
acetylated  amines,«‘  glutathione, and  urea.**  It  is  of  significance  that  every 
one  of  these  model  reactions,  studied  in  isolated  enzyme  systems,  has  been 
shown  to  require  ATP.  In  addition,  two  of  these  reactions,  the  formation  of 
hippuric  acid  and  the  acetylation  of  amines,  have  been  shown  to  require 


"^""ThJreqihrement  of  coenzyme  A  for  hippuric  acid  synthesis  may  be  taken 
as  evidence  for  a  benzoyl-coenzyme  A  complex,  similar  to  ace  y  -co- 
enzyme  A  compound  for  which  good  evidence  has  been  obtained.  It  , 
possible  that  coenzyme  A-amino  acid  addition  products  are^the  real  intei- 
Ldiates  in  protein  synthesis,  rather  than  the  acyl  phosphates  shown  in 


'Tn".ode.  enzyme  system  of  interest  in  connection  with^pmtem 

synthesis  is  glutamyltransph^mp 

L.  D.  Frantz,  Jr.,  P.  C.  Zamecnik,  J.  W.  Reese,  and  M.  L.  Stephenson,  y.  B,ol 

r.  arHjn;s!?.  jTnird,  and  F.  A.  Isherwood,  Nature  166,  288  (.960), 

70  J  F.  Speck,  J.  Biol.  Chem.  168,  402  (19^  •  (1947) 

..  P  P.  Cohen  and  R.  W.  McGilvery,  J.  Bn.  •  CArm.  171.  121  dWf  )• 

“  H.  «■;  rOwad“orek,  N.  Gro'ssowic;  and  M.  Schon,  drrt.  B,oote,n. 
27,  237  (195(D). 
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shown  that  this  enzyme  also  requires  ADP  or  ATP,  although  at  catalytic 
concentrations.  This  is  to  be  contrasted  with  the  enzyme  studied  by  Speck, 
which- brought  about  a  net  synthesis  of  glutamine  with  a  corresponding 
stoichiometric  utilization  of  ATP. 


5.  The  Synthesis  of  Carbohydrate 


The  synthesis  of  glucose  or  of  glycogen  by  reversal  of  the  anaerobic  gly¬ 
colytic  pathway  was  suggested  by  the  early  work  of  Meyerhof  and  has  been 
confirmed  by  more  recent  experiments  with  isotopic  tracers.  Since  two 
phosphorylations  must  take  place  for  each  mole  of  triose  phosphate  formed 
from  lactate,  a  total  of  4  moles  of  ATP  must  be  used  up  for  each  mole  of 
carbohydrate  resynthesized. 

The  early  work  of  Meyerhof  showed  that  there  was  an  intimate  connec¬ 
tion  between  resynthesis  of  carbohydrate  and  aerobic  metabolism.  When 
the  production  of  lactic  acid  by  tissues  under  anaerobic  conditions  was 
compared  with  the  production  of  lactic  acid  under  aerobic  conditions,  it 
was  found  that  the  uptake  of  1  mole  of  respired  oxygen  inhibited  the  forma¬ 
tion  of  1  to  2  moles  of  lactic  acid;  i.e.,  three  to  six  times  as  much  lactic 
acid  as  could  have  been  oxidized  by  the  observed  oxygen  uptake.  This 
phenomenon  of  the  suppression  of  glycolysis  under  aerobiosis  has  been 
called  by  Warburg  the  Pasteur  effect. 


There  has  been  much  controversy  concerning  the  mechanism  of  the 
Pasteur  effect,  which  it  would  be  unprofitable  to  review  here.  One  sugges¬ 
tion,  put  forth  by  Johnson,*®  is  worth  of  mention,  however,  since  it  bears 
intimately  on  the  channels  of  energy  transfer  and  utilization.  Johnson  has 
pointed  out  that  under  aerobic  conditions  the  much  more  efficient  phos¬ 
phorylation  of  ADP  to  ATP  by  oxidative  phosphorylation  diminishes  the 
amount  of  inorganic  phosphate  available  and  increases  the  ratio  of  ATP  to 
ADP.  In  effect,  the  anaerobic  glycolytic  mechanism  must  compete  with 
the  aerobic  oxidative  phosphorylation  system  for  available  adenine  nucleo¬ 
tide  and  inorganic  phosphate.  Since  the  aerobic  mechanisms  are  so  much 
more  efficient,  the  rate  of  anaerobic  glycolysis  is  therefore  sharply  reduced 
un  er  aerobic  conditions.  Meyerhof*’  has  presented  data  which  show  that 
he  pr^ence  of  acceptor  systems  is  rate-limiting  in  certain  types  of  glycolyz- 
g  extracts  under  conditions  where  considerable  stimulation  is  brought 

This  a  regenerate  ADP  and  inorganic  phosphate 

This  and  other  evidence  can  be  taken  to  support  the  .lohnson  hypottiesis’ 

nucTeot'id  “f  focusing  attention  on  the  adenine 

ucleotide  system  as  the  common  denominator  of  tioth  types  of  metabolism. 

••  M.  T.  30.  126  (19S1). 

"  O.  Meyerhof,  Biol.  Chem.  167,  105  (1945). 
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Chapter  17 
I.  Introduction 

Hydrolytic  enzymes  catalyze  reactions  that  involve  the  insertion  of  the 
elements  of  water  into  a  molecule  in  such  a  way  as  to  yield  two  different 
functional  groups.  The  general  reaction  is: 


R— R'  +  HOH  ROH  +  R'H 

Ihe  usual  terms  will  be  used  in  this  discussion,  but,  for  the  sake  of  clarity, 
it  might  be  well  to  review  briefly  the  general  properties  of  all  enzymes. 
Enzymes  are  catalysts  and,  as  such,  they  lower  the  free  energy  of  activa¬ 
tion  of  reactive  molecules  and  thus  shorten  the  time  required  for  a  reaction 
to  reach  equilibrium.  Consequently,  an  enzyme,  like  a  catalyst,  does  not 
favor  any  equilibrium  position  but  rather  it  accelerates  equally  the  re¬ 
actions  m  both  directions  in  a  system  approaching  equilibrium.  All  en¬ 
zymes  thus  far  characterized  show  the  properties  of  proteins,  and  all 
enzymes  that  have  been  crystallized  are  definitely  proteins.  Enzymes 
eiefore,  aie  subject  to  denaturation  by  heat  and  other  physical  and 

fv^TTell'""^''^’  ^^^^^hesized  Lly  b^  a 

able  quantities  of  reactant.  If,  on\hf  ot^r  hlnT^t^^^^ 
pho.c  ae.,  ...H.  .Han  ....'a. 
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scission  is  lowered  considerably  and  the  equilibrium  mixture  contains  a 
much  higher  proportion  of  reactant  than  in  hydrolysis; 

R— R'  +  HOPO3H2  ^  ROPO3H2  +  R'H 


This  reaction  is  termed  phosphorolysis. 

Because  the  free  energy  of  hydrolysis  in  most  biological  systems  is  a 
good  deal  less  than  zero,  the  hydrolytic  enzymes  generally  act  in  a  catabolic 
or  digestive  capacity  and  have  been  difficult  to  implicate  in  the  biosyn¬ 
thesis  of  their  substrates  by  a  simple  reversal  of  the  hydrolytic  reaction. 
It  is  becoming  increasingly  evident,  however,  that  many  hydiolytic  en¬ 
zymes,  such  as  proteinases  and  phosphatases,  can  catalyze  transfer  or 
exchange  reactions.  Much  of  the  exposition  in  this  chapter  will  be  devoted 
to  the  synthetic  and  transferring  activities  of  enzymes  considered  hy¬ 
drolytic.  No  attempt  will  be  made  to  cover  the  original  literature,  and 
consequently  the  reader  will  be  referred  mainly  to  recent  work  and  review 

articles. 

1.  Classification 


Hydrolytic  enzymes  are  classed  roughly  according  to  the  nature  of  the 
substrate  acted  upon.  Proteinases  and  peptidases  catalyze  the  following 

reaction ; 


...NHCHCO— NHCHCO---  +  HOH  ..-NHCHCOOH  +  H.NCHCO-- 

i  i  i  V 

Esterases  catalyze  the  hydrolysis  of  esters,  including  those- of  fatty  acids. 


RCOOR'  +  HOH  RCOOH  4-  HOR' 


O 


Carbohydrases  catalyze  the  scission  of  glycosides: 

- O  “  ^ 

-CH(0H)-CH-0-R'  +  HOH  ^  -CH(OH)-CH-OH  +  HOR' 

Amidases  are  a  rather  STan^st^  peptiS  link 

catalyze  the  hydrolysis  of  C-N  ”  ^^bdivided  into  the 

?e:::^ras:ra=:td"mt^^^^^^  — es.  Deaminases  act  on 

free  amino  groups: 

R— NH2  +  HOH  R— OH  +  NH3 

Amidases  act  principally  on  amide  linkages, 

RC— NH2  +  HOH  RC— OH  +  NH, 


O  ^ 

1  hA  attacked.^  The  amidases  are  overlapping 

^ce  hydrolyze  amino  acid  amides.  In  addition 
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there  are  other  enzymes  in  the  larger  class  of  amidases  which  fit  in  neither 
of  these  subdivisions.  Phosphatases  catalyze  the  hydrolysis  of  esters  of 
phosphoric  acid: 

RO— PO3H2  +  HOH  ROH  +  HOPO3H2 

In  a  general  sense  they  are  also  esterases. 

The  phosphorolytic  enzymes  at  present  are  usually  classed  together. 
As  noted  above,  these  do  not  insert  the  elements  of  water  but  phosphoric 
acid  instead.  So  far,  no  phosphates  other  than  sugar  phosphates  have  been 
the  products  of  phosphorylase  action  which  may  be  formulated  by  analogy 
with  the  carbohydrases : 

- 0 

1 

— CH(OH)— CH— O— R'  +  HOPO3H2  ^ 

- O 

1 

— CH(OH)— CH— 0— PO3H2  +  HOR' 

The  free  energy  change  in  phosphorolysis  compared  to  hydrolysis  is  much 
closer  to  zero,  and  thus  the  known  phosphorolytic  enzymes  catalyze  bio¬ 
synthetic  reactions  as  well  as  catabolic  changes.  They  are  implicated 
chiefly  in  the  synthesis  of  starch  by  plants^  •  ^  and  glycogeiP  by  animals. 
Recent  work  by  Kornberg  and  his  associates^  -  «  has  pointed  to  a  “pyro- 

phosphorylase”  in  yeast  and  hog  liver  that  catalyzes  the  following  general 
reaction : 


-O 


u 


— CH(OH)— CH— O— P — O— P — O — HC — CH(OH) —  -|- 

OH  OH 

11  H - -O  o 

ho-p-o-p-oh  -  -ch{oh)-ch-o-Lo-p-o-p-oh  + 

OH  OH  L,  I  I 

OH  OH  OH 


o 


o 


0 


o- 


H  o—  p— o— HC— CH(  OH)- 
OH 


2  n’  o  ‘  Biochem.  J.  60,  xxx  (1952). 

3  C  q  Soc.  {London)  B128,  421  (1940). 

*  G  T  (London)  B129,  174  (1940) 

3  A  Kn  r  o'  ^hem.  131,  397  (1 939) 

e  A  w  5  f  779  (1950).  ^ 

A.  W.  Sohrecker  aud  A.  Kornberg,  y.  Biol.  Ckem.  182.  795  (1950) 
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These  reactions  lead  to  a  synthesis  of  cozymase  or  flavine  -adenine  di¬ 
nucleotide  from  adenosine  triphosphate  with  nicotinamide-ribofuranoside- 
5-phosphoric  acid  or  riboflavine  phosphate  respectively. 

The  classification  outlined  here  is  presented  mainly  for  convenience  in 
arranging  and  relating  a  wealth  of  material.  Enzymes  display  an  amazing 
specificity  in  the  reactions  each  will  catalyze.  Despite  this,  these  classi¬ 
fications  do  not  represent  absolutes  in  specificity.  Some  proteinases  will, 
for  instance,  catalyze  the  hydrolysis  of  amino  acid  esters  and  amides  as 
well  as  peptides. 


2.  Kinetics 

a.  Kinetics  of  Non-Enzymatic  Hydrolysis.  The  hydrolytic  reaction  is  a 
bimolecular  reaction.  Under  most  circumstances  hydrolysis  is  carried  out 
in  an  aqueous  system  where  the  concentration  of  water  is  in  such  huge 
excess  compared  to  the  substrate  that  the  water  is  practically  constant. 
Under  these  circumstances  the  velocity,  v,  of  the  reaction,  that  is,  the  rate 
of  disappearance  of  the  substrate,  -d  [Sl/df  would  be  expected  to  depend 
only  on  the  concentration  of  the  substrate.  |S1.  This  relationship  is  given 
by  the  equation: 


V  = 


^1 

dt 


=  KiS] 


(1) 


The  substrate  concentration,  [S],  at  any  time,  t,  will  be  equal  to  the  amount 
of  substrate,  a,  originally  present,  less  the  amount,  x,  that  has  be^en  com 
verted  in  the  time,  L  Then,  integrating  over  the  course  of  the  reaction  fiom 
a  to  {a  -  x),  there  is  obtained: 

(2) 


AT 


1 


a 


=  -Tn  7 - c 

t  (a  -  x) 


This  is  the  equation  expressing  the  kinetics  of  a  fiist-oidei  leaction, 

theoretical  moiiomolecular  reaction,  and  defining  the  first-order  velocity 
theoretical  mo  loin  ^  ^ 

would  expect  the  relation  shown  in  g.  hydrolysis  exhibits  a 

substrate 

^orentrftion.  This  is  expressed  graphically  in  Jig.  2. 

,  D.  D.  Van  Slyke  and  G.  E.  Cullen,  J^  BioL  Ctoi.  W.  Hb  211  (  >■ 

.  A.  J.  Brown.  J.  Chem.  Soc.  Trans.  81.  373  (1902). 
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In  order  to  explain  this  phenomenon  in  enzymatic  catalysis,  Michaelis 
and  IMenten®  and  subsequent  investigators’”  -  who  have  extended  the 
theory  postulated  the  reversible  formation  of  a  complex,  ES,  between  the 
enzyme,  E,  and  the  substrate,  S,  prerequisite  to  the  breakdown  to  the 


Fig.  1.  The  effect  of  increasing  substrate  concentration  on  the  velocity  of  a  mono- 
molecular  reaction. 


Fig.  2.  The  effect  of  increasing  substrate  concentrati. 
drolytic  reaction  catalyzed  by  an  enzyme. 


on  the  velocity  of  a  by¬ 


products,  P,  of  enzymatic  catalysis  and  the 
enzyme : 


simultaneous  release  of  the 


E  +  ES 
«2 


P  +  E 


(3) 


Here  I,,  /c,  an<l  fc,  are  velocity  constauts  for  the  reactions  indicated  Im 

O.  e! titsTn dT  B  f  K  r,'  ('9,3,. 

“  D  D  Van  I-  Btochem.  J.  19,  338  (19251 

>2  A  p  w  11  ^  in  Enzymol.  2,  33  (19421 

A.  C,  Walker  and  C.  L.  A.  Schmidt,  ArcH.  445  (1944). 
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plicit  in  this  theory  is  the  picture  of  an  enzyme  molecule  in  a  medium  in 
which  the  substrate  can  be  at  such  a  high  concentration  that,  as  soon  as 
any  ES  decomposes  to  yield  the  products  of  hydrolysis,  the  active  enzyme 
liberated  immediately  combines  with  substrate  to  form  more  ES.  Thus,  at 
this  substrate  concentration  (s  in  Fig.  2),  the  enzyme  is  said  to  be  saturated 
and  the  velocity  is  at  its  maximum  (T^max  in  Fig.  2)  determined  by  the 
rate  of  the  decomposition  of  ES. 

The  concentration  of  the  free  enzyme,  [E],  is  the  amount  of  enzyme, 
[Eo],  originally  present  less  the  part  that  has  gone  to  form  ES: 

[E]  =  [Eo\  -  [ES\  (4) 

For  the  equilibrium  of  equation  3  and  substituting  for  [E]  as  defined  by 
equation  4  the  following  expression  for  the  equilibrium  constant  is  derived; 

[EHS]  {[E,]-[EmS\ 

[ES] 


Km  = 


[ES] 


(5) 


Rearrangement  of  equation  5  yields: 


rpQl  -  •  [S] 

'  Km  +  [S] 


(6) 


If  it  assumed  that  fci/fcz  is  very  much  greater  than  h  (equation  3),  then  the 
measured  velocity  of  the  enzyme  reaction  vnW  depend  on  the  velocity  o 
the  decomposition  of  ES  into  E  and  P: 


V  =  k^lES] 


(7) 


One  can  then  substitute  for  [BS]  defined  in  equation  6  and  use  the  dif¬ 
ferential  for  the  velocity  as  explained  in  equation  1 : 


d[Sl  _  Its  •(Ed -[SI 
”  ~  nr  TU  -r  [SI 


(8) 


By  employing  the  definitions  of  a  and  x  as  used  in  equation  2  the  integrated 
form  of  equation  8  becomes. 

fc3-[Eol-(  =  ® 

This  might  be  considered  the  generaj 

lytic  enzymes  “A  the  purpose  of  this  discussion, 

total  enzyme  concentration,  [Ao],  has,  loi  me  p  p 

been  kept  constant.  „,,Kstrate  concentrations,  a,  the  term  Km  In 

alia  iTpredo—  the  ri^^^ 

?htra“tf  -  m^ich  belmv  substrate  concentration  . 
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in  Fig.  2.  The  actual  value  of  s,  the  substrate  concentration  required  to 
saturate  the  enzyme,  depends  upon  the  magnitude  of  Km,  for,  as  can  be 
seen  from  equation  9,  a  large  value  for  Km  will  magnify  the  range  of  initial 
substrate  concentration,  a,  over  which  first-order  kinetics  will  hold.  In 
regions  of  high  initial  substrate  concentration  the  term  Km  In  a/ {a  —  x) 
will  approach  zero  and  equation  9  will  reduce  to: 

kz-[EQ\-t  =  X  (10) 

Since  Eq  is  held  constant: 


X  —  Ko’t 


(11) 


The  reaction  then  follows  zero-order  kinetics;  the  quantity  of  substrate 
decomposed,  x,  depends  only  on  time.  If  Km  is  small,  the  term  Km 
In  a/ (a  —  x)  will  approach  zero  more  rapidly  as  a  is  increased  and  zero- 
order  kinetics  will  occur  at  relatively  low  substrate  concentrations. 

The  kinetics  of  an  enzj^matically  catalyzed  reaction  are,  therefore,  a 
combination  of  first-order  and  zero-order  kinetics  as  defined  in  equation 
9.  At  low  substrate  concentrations  first-order  kinetics  are  evident  and  the 
kinetics  become  zero  order  as  the  substrate  concentration  is  raised. 

To  evaluate  Km  two  approaches  have  been  used.®  ’  At  the  substrate 
concentration  (s,  Fig.  2)  required  for  the  enzymatic  reaction  to  reach  its 
maximum  velocity  (Fmaxj  Fig.  2)  practically  all  the  active  enzyme  present 
IS  combined  with  the  substrate.  Thus  at  (cf.  equation  4), 

[^o]  =  [ES]  (12) 

and  according  to  conditions  for  Michaelis-Menten  kinetics  as  in  equation 
7  • 

Fmax  =  [ES]-kz  =  [£'o]-A"3  (13) 

Substitution  of  Fmax  in  equation  8  gives: 


V  = 


V 


max 


[S] 


Rearranging  this  equation  to 


Km  +  [S] 


?rredut““-“lS  equation 

leauces  to  -  [tS].  One  method,  therefore,  for  measurino-  //  + 

substrate  concentration  at  one-half  this  maximal  vZcity  t  the/”"* 

H.  Lmeweaver  and  D.  Burk,  J.  Am.  Chem.  Soc.  66,  658  (1934). 


(14) 
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A  more  convenient  and  accurate  method  for  estimating  is  that  of 
Lineweaver  and  Burkd^  If  the  reciprocals  of  both  sides  of  equation  14  are 
taken,  the  following  equation  is  obtained: 


1  _  1  /  A„.\  1 

V  [S]  \Vm.J  Fm 


(16) 


This  is  the  equation  for  a  straight  line  with  slope  K„,/Vms.x  and  ordinate 
intercept  1/T^max  when  the  reciprocal  of  the  velocity  is  plotted  against 
the  reciprocal  of  non-saturating  substrate  concentrations  as  in  Fig.  3.  By 
extrapolation  of  the  straight  line  the  ordinate  intercept  1/Fmax  is  found 
and  Fmax  can  be  calculated.  From  the  slope,  Km/Vm&x  is  found  and  Km 


Fig  3.  The  reciprocal  of  the  substrate  concentration  plotted  against  the  re¬ 
ciprocal  of  the  velocity  of  an  ensymatic  reaction  according  to  the  method  of  Line- 

weaver  and  Burk. 


can  be  calculated  using  This  method  is  simple  because  it  does  not 

require  that  the  enzyme  be  saturated  with  substrate  and  thus  ^ 

determined  from  velocity  measurements  at  a  minimum  of  two  subsbate 
ticentratlons.  It  also  has  the  advantage  that  the  daU  can  t.  ated 
statistically  so  that  the  straight  line  may  be  dehned  by  the  met 
least  squares  N“dless  to  say  this  me^  ue  ,  la, 

[he  “:ea:tt:t;tgrS^  acZling  to  Michaelis-Menten  kinetics. 

3.  Inhibition 
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cules  for  the  catalytically  active  sites  on  the  enzyme  molecules.  Thus 
competitive  inhibition  can  be  expressed  by, 

E  +  I^EI  (17) 


where  E  is  the  enzyme,  I  is  the  inhibitor,  and  El  is  the  enzyme-inhibitor 
complex  which  is  unable  to  yield  any  products  of  reaction.  The  usual  sub¬ 
strate  combination  (equation  3)  is  going  on  in  the  same  system.  The  equi¬ 
librium  constant,  /v,-,  for  the  formation  of  El  is  as  follows: 


K 


mm 

[EI] 


(18) 


In  the  presence  of  a  competitive  inhibitor  the  maximum  velocity  remains 
unchanged.  If  the  competitive  inhibitor  combines  reversibly  with  the  en¬ 
zyme  at  the  catalytically  active  site,  then  once  ES  is  formed  the  inhibitor 
has  no  effect.  If  the  substrate  concentration  is  increased  in  the  presence 
of  a  constant  quantity  of  competitive  inhibitor,  the  chances  for  forming 
ES  rather  than  EI  are  greatly  increased  and  reach  finally  the  limiting  con¬ 
centration  of  ES  to  the  exclusion  of  EL 

Although  the  concentration  of  free  enzyme,  \E],  must  now  be  represented 
as  ^ 


m  =  [Eo] 


the  relations  expressed  by  ecpiations  7  and  8  still  hold  true  and  thus  the 
following  effect  on  the  Lineweaver-Burk  plot  can  be  derived:^'* 


[SI  V’  +  kJ  +  F„„  (20) 

The  velocity  m  the  presence  of  a  competitive  inhibitor  is  p,.  The  slope  of 

n""  increased  by  the  factor 

(  H  1  1,  V  J  over  the  data  from  the  uninhibited  reaction  (cf.  equation  16) 
Thus  only  the  slope  has  changed  and  not  the  intercept.  True  competitive 
in  ibition  IS  characterized  by  an  increase  in  slope  in  the  Lineweaver-Burk 
plot,  but  by  no  change  in  intercept.  Use  of  this  method  in  demonstrating 
the  competitive  mhibition  of  carboxypeptidase  by  D-phenylalani„e  and 
D-histidme  IS  well  illustrated  by  the  work  of  Elkins-Kaufmaii  aL  Neurath 

hiWtm'T  ™;"i  ^o>«bination  of  thet- 

l:;!:;:”."  e,.yme  molecne  so  as  to  render  it 


inactive.  In  this  case  it  is  evident  that  will  be  lowered^  F*  ' 
the  concentration  of  active  ensyme  is  effectively  lowered.  The  finarCeircIty 

"  Publishing 

-  E.  Elkins-Kaufman  and  H.  Neurath,  J.  Biol.  Chem.  176  ,  893  (1948). 
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equation  is:^^ 


Vi 


1  (  Kr 


.[SI  \vLj  vL.]  V  K, 


1  + 


m- 


(21) 


Both  the  slope  and  the  ordinate  intercept  are  increased  by  the  factor 
(1  +  [I]/Ki)  in  non-competitive  inhibition. 

4.  Effect  of  Enzyme  Concentration 

In  the  previous  sections  the  enzyme  concentration  was  held  constant 
for  purposes  of  discussion.  It  is  obvious  from  equation  9  that  the  velocity 
of  an  enzyme  reaction  is  proportional  to  the  amount  of  enz3(me  piesent. 
Van  Slyke'^  has  very  well  presented  the  methodology  of  measuring  the 
concentration  of  hydrolytic  enzymes.  For  studies  on  purification  it  is  often 
the  case  that  the  initial  velocity  constants,  proportional  to  the  enzyme  con¬ 
centration,  can  be  used.  In  situations  where  the  substrate  concentration 
is  kept  low  or  is  large,  first-order  kinetics  predominate  to  the  extent 
that  Ki  (equation  2)  is  proportional  to  the  enzyme  concentration.  In  cases 
where  the  substrate  concentration  can  be  raised  high  enough  to  saturate 
the  enzyme,  that  is,  where  K„,  is  small,  the  initial  velocity  of  the  reaction 

may  be  directly  proportional  to  the  enzyme  concentration.^^ 

Complications  arise  when  a  product  of  enzymatic  reaction  '  or  the 
substrate^i  •  22 . 23  itself,  inhibits  the  enzyme  reaction.  In  cases  where  in¬ 
hibition  is  effected  by  the  products  of  the  reaction  it  is 
as  short  a  reaction  time  as  possible  in  which  to  calculate  the  \e  y. 
type  of  effect  by  inorganic  phosphate  on  the  kinetics  of  prosta  ic  P  ^ 
has  blen  ri|orous.y  presented  by  Scbdnheyder  •  Neura^  an 
Schwert”  have  analyzed  the  kinetics  of  reactions  competitively  inhihitecl 

'’Vrn‘1t  Tne™  to  compare  the  activity  of  preparations  of  the 
sa^  enzyme  which  may  be  inhibited  during  the  course  f 
accumulating  reaction  products,  the  inverse  time-enzyme  ^  * 

used!^  Here  the  time  required  to  hydrolyze  a  given  fraction  of  the  sub 

1.  G.  W.  Irving,  Jr.,  J.  S.  Fruton,  and  M.  Bergmann,  J.  Biol.  Chero.  138, 231  (1911). 

”  o.  Bodansky,  J.  Biol.  Chertu  120,  5  (  •  j  chetn.  177,  767 

18  R.  V.  MacAllister,  K.  M.  Harmon,  and  C.  Niemann,  . 

..  ru-mrroon  and  C.  Niemann, 

21  K.  J.  Laidler  and  J.  r .  rioare, »/ .  Qve;  nQ40') 

^  *  All  owri  R  r  Hawes  J .  Biol.  C hem.  133,  67b  )■ 

22  G.  A.  Alles  and  R.  O.  nawes,  j  .  ^0401 

23  K.-B.  Augustinsson,  Arch.  ’  .o', 

:7H,"h  »d  S'w!  Schwe^rcLii.  1^-.  89  (1930,. 
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strate  will  vary  inversely  as  the  amount  of  enzyme  present.  For  constant 
substrate  concentrations  the  concentration  of  reaction  i)roducts  will  be 
the  same  and  thus  a  comparison  can  be  made. 


5.  Effect  of  pH 


Most  hydrolytic  enzymes  show  a  more  or  less  clearly  defined  region  of 
hydrogen  ion  concentration  at  which  the  velocity  is  the  greatest.  This  is 
the  region  of  the  pH  optimum  for  activity.  The  pH-velocity  curve  may  be 
symmetrical  or  not,  but  for  a  single  enzyme  it  usually  contains  only  one 
point  of  inflection.  When  experimental  data  lead  to  a  pH-velocity  curve 
with  two  peaks,  it  is  often  suspected  that  two  enzymes  are  involved,  each 
having  a  different  pH  optimum  for  activity.  This  has  been  aptly  demon¬ 
strated  in  studies  on  certain  phosphatases.'^®  The  reviews  of  Johnson^^  and 
of  Neurath  and  Schwert^®  treat  the  theory  of  the  effect  of  pH. 

The  shape  of  the  pH-velocity  curve  and  the  pH  optimum  itself  can  be 
affected  by  activators  or  inhibitors.  The  shape  of  the  pH-velocity  curve  of 
beef  liver  arginase,  for  instance,  is  altered  by  the  activating  ions,  cobalt 
and  nickel.^® 

The  dependence  of  the  velocity  of  an  enzyme-catalyzed  reaction  on  thoil 
hydrogen  ion  concentration  indicates  that  all  measurements,  to  be  com¬ 
parable,  must  be  made  at  the  same  pH.  This  pH  must  be  one  at  which  the 
enzyme  is  active  although  not  necessarily  the  optimum  pH.  Since  the 


products  of  a  reaction  may  differ  markedly  in  acidity  from  the  reactants, 
it  is  important  to  run  all  enzyme  reactions  in  well-buffered  systems.  More¬ 
over,  the  buffer  should  be  of  such  a  constitution  as  not  to  interfere  with 
the  activity  of  the  enzyme,  especially  at  the  lower  hydrogen  ion  concentra¬ 
tions,  by  complexing  or  precipitating  metal  activators.  Certain  buffers 
may  also  have  an  intrinsic  effect,  so  it  is  practical  to  try  several  available 
at  a  given  pH.  Likewise,  the  concentration  of  buffers  used  at  various  pH 
values  should  be  approximately  the  same  ionic  strength  so  that  difference'^ 
because  of  varying  salt  concentrations  will  be  minimized. 

An  asymmetrical  pH-velocity  curve  may  be  due  to  the  instability  of 
le  enzyme  at  hydrogen  ion  concentrations  very  far  from  neutrality.  The 
pH-stabihty  curve  may  be  determined  by  exposing  the  enzyme  to  varying 
hydrogen  ion  concentrations  for  a  definite  time  interval  and  then  meas¬ 
uring  its  activity  at  the  optimal  pH.  In  some  cases  the  pH  optimal  for 
activity  IS  111  a  range  which  inactivates  the  enzyme. 


’■  VoY  t  Enzyme.,  Academic  Press,  New  York, 

’•  M.  S.  Mohamed  and  D.  M.  Greenberg,  Arch.  Biochem.  8,  349  (1945), 
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6.  Effect  of  Temperature 

Heat  has  two  effects  on  enzyme  systems;  firstly,  it  accelerates  the  chem¬ 
ical  reaction,  and  secondly,  it  inactivates  the  enzyme.  The  Arrhenius 
equation, 

(22) 


d  In  k' 


M 


dt  RT^ 

relates  the  temperature,  t,  to  the  rate  of  reaction,  k'.  In  this  equation  R 
is  the  gas  constant  (1.980  cal.  per  degree  per  mole),  k'  is  the  over-all  re¬ 
action  constant,  T  is  the  absolute  temperature,  and  m  is  the  activation 
energy.  Integration  of  ecpiation  22  gives 


In 


/C2 


(23) 


_ ,1-1) 

/c/  R  \T,  tJ 

where  /c/  and  k^'  may  be  any  comparable  reaction  constants  at  absolute 
temperatures,  Ti  and  T2,  respectively.  Thus  a  plot  of  log  k  against  1/T 
yields  a  straight  line  from  the  slope  of  which  m  may  be  calculated  (m  - 

slope/4.58).  .  ,  -ii  ,  + 

t  In  enzymatic  reactions  deviations  from  a  straight  line  will  occui  a 

temperatures  at  which  the  enzyme  begins  to  denature.  The  so-called  opti¬ 
mum  temperature  for  an  enzyme  reaction  is  a  composite  of  the  two  oppos¬ 
ing  reactions,  denaturation  of  the  enzyme  and  acceleration  of  the  chemita 
reaction.  The  activity  of  the  enzyme  should  be  measured  as  c  ° 
initial  velocity  as  possible  so  as  to  minimize  the  denaturation  effect.  1 
optimal  temperature  of  an  enzymatic  reaction  has  little  meaning  u.ile® 
it  is  considered  in  coniiinction  with  the  heat  stability  of  the  enzyme.  Ev 
thouirh  an  enzyme  may  have  its  optimal  temperature  foi  activity  y 
mel^-ed  arinitial  velocity  at  say  40”.  the  rate  of  deiiati.ration  of 
enzyme  may  be  so  high  at  this  temperature  that  its 

at  a  lower  temperature  at  which  it  can  remain  active  foi  a  longei  time 

‘"FTeach  rise  of  10  degrees  in  temperature  in  the  range  whidi  does  not 

inactivate  the  enzyme  the  velocity  of  H  i ,  rate 

by  about  two  to  three  times.  Between  20  “/f"  3™ and 

(«■»  =  2)  corresponds  to  -  //,,Uwation  energy  of 

a  threefold  increase  (Qio  -  3)  to  P 

19,500  cal.  per  mole.  In  ordinary  tempei  ^  roughly  within  this 

of  reactions  catalyzed  liy  hydrolytic  enzymes  falls  loig  y 

“B,.  ,1,,  ..w  .1. «»™  ::r 

29  I.  W.  Sizer,  Advances  in  Enzymol.  3,  35  (1943). 
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the  activation  energy  becomes  four  or  five  times  greater.  It  is  not  unusual 
to  find  that  changes  in  pH,  electrolyte  concentration,  and  substrate  con¬ 
centration  affect  /X,  but  in  these  cases  there  is  likely  to  be  an  effect  on  the 
catalytically  active  center.  Changes  in  the  nature  of  the  substrate  will 
cause  a  change  in  n.  The  degree  of  purity  of  the  enzyme  has  little  effect  on 
the  activation  energy,  and  in  some  cases  it  happens  that  enzymes  from 
different  sources  but  catalyzing  the  same  reactions  have  the  same  activa¬ 
tion  energy  .2® 


7.  Zymogens 

The  extracellular  proteinases,  pepsin,  trypsin,  and  chymotrypsin,  are 
secreted  as  inactive  precursors,  zymogens,  which  are  transformed  into  the 
active  enzymes  at  the  site  of  their  action.  The  transformation  of  pepsino¬ 
gen  to  pepsin  is  accomplished  by  acid  or  by  pepsin  and  is  accompanied  by 
the  appearance  of  15%  of  the  nitrogen  in  non-protein  form.^®  The  molecular 
weight  of  pepsinogen  is  about  4000  units  greater  than  pepsin,  but  this  may 
be  within  experimental  error.  It  has  been  tempting  to  visualize  the  genera¬ 
tion  of  pepsin  from  pepsinogen  as  an  “unmasking”  of  the  catalytically 
active  site  by  a  hjTlrolytic  process  catalyzed  by  acid  or  pepsin  with  the 
non-protein  nitrogen  representing  in  fact  the  remains  of  a  low  molecular 
weight  “mask.”  Trypsin  is  generated  from  inactive  trypsinogen  by  the 
action  of  enterokinase,  a  protein  constituent  of  the  secretion  of  the  digestive 
glands  of  the  small  intestine,  and  by  the  action  of  trypsin  itself.  The  action 
of  enterokinase  has  the  properties  of  an  enzyme  reaction.  End-group  as¬ 
says  with  dinitrofluorobenzene3*“  and  with  carboxypeptidase53  5  ^ave  in¬ 
dicated  that  chymotrypsinogen  and  trypsinogen  are  cyclic  peptides,  but 
that  a-chymotrypsin  and  trypsin  are  at  least  partly  linear.  Thus,  the 
action  of  enterokinase  and  of  trypsin  may  be  to  hydrolyze  peptide  bonds 
of  these  cyclic  inactive  precursors  in  one  or  more  places  to  yield  an  active 
enzyme  of  approxdmately  the  same  molecular  weight  as  the  zymogep. 

the  transformation  of  the  respective  zymogens  to  pepsin  and  trypsin 
lollow,  in  uncomplicated  systems,  the  kinetics  of  an  autocatalytic  reaction, 

dA 

=  KA{Ae  -  .4)  (24) 


where  A  is  the  activity  at  time.  (,  and  A.  is  the  final  activity.  This  is  char- 

thsT  ‘«™  catalyzes 

that  leaction  producing  itself  ^ 

aressiss-ss 

R.  M.  Herriot,  J .  Gen.  Physiol.  22,  65  (1938). 
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alternative  pathways  to  yield  a  variety  of  chymotrypsins^^  (denoted  as 
0-,  y-,  tt-,  and  6-chymotrypsin)  which  differ  in  physical  properties  or 
specific  activity  but  not  in  substrate  specificities.®^’  ®® 

In  the  examples  cited  above,  both  zymogens  and  enzymes  have  been 
crystallized  and  therefore  studied  in  relatively  pure  condition.  There  is 
evidence,  however,  that  pancreatic  carboxypeptidase  is  secreted  as  a  zymo¬ 
gen,  since  fresh  pancreatic  extracts  contain  little  or  no  carboxypeptidase 
activity.  Upon  incubation  at  37°  or  treatment  with  trypsin  the  formation 
of  carboxypeptidase  occurs.  This  procarboxypeptidase  has  been  partially 
purified .®‘‘ 


8.  Cofactors 


The  activity  of  no  hydrolytic  enzyme  has  so  far  been  shown  to  depend 
on  the  simultaneous  presence  of  a  specific  organic  compound  of  low  molec¬ 
ular  weight  other  than  the  substrate.  This  is  in  distinct  contrast  to  many 
other  enzymes  such  as  the  decarboxylases,  the  transaminases,  and  the 
oxidative  enzymes.  It  has  been  alleged  that  the  activity  of  pig  pancreatic 
amylase  is  dependent  on  the  presence  of  jn-inositol,*‘  but  this  claim  has 
been  contested  by  Fischer  and  Bernfeld,"  who  used  purer  preparations 


of  the  enzyme.  ,  .  .1-37 

Many  hydrolytic  enzymes,  however,  do  require  certain  metal  10ns 

for  activity,  notably  divalent  cations  in  the  range  12  to  30  m  atomic  num- 

ber.  In  a  few  cases  metal  ions  have  a  stabilizing  effect  rather  a  true 

activation  The  presence  of  halide  ions  are  required  for  activity  by  the 

“n!  amylases'some  of  the  proteolytic  enzymes  and  also  mi.c  e  ph»^ 

phorylase  lose  activity  unless  reducing  agents  such 
L  present.  But,  other  than  simple  ions  and  reducing  agents,  there  aie 

cofactors  necessary  in  enzymatic  hydrolysis.  activity  only 

Muscle  phosphorylase,  on  the  other  hand,  reac 

in  the  presence  of  adenylic  acid. 


9.  Specificity 

The  concept  of  enzyme  specificity  has 
years.  Too  often  the  infrequent  cases  of  absolute  specincny 

j  i  inh  Cnrlsbera  Ser.  chim.  25,  325  (1947). 
31  C.  F.  Jacobsen,  Compt.  rend.  trav. 

33  M.  Kunitz,  J.  Gen.  Physiol.  22,  20  •  (1949). 

34  M.  L.  Anson,  J .  Gen.  Physiol.  ,  q-  19,  329  (1948). 

..  R.  L.  Lane  and  R.  J.  Williams,  r  ■  B 

36  E.  H.  Fischer  and  P.  Bernteia,  nei 

37  A  L  Lehninger,  Physiol.  Revs.  30,  303  (1950). 
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single  molecule  are  given  as  examples  when,  in  fact,  the  majority  of  en¬ 
zymes  show  a  relative  specificity  to  an  array  of  substrates.  Of  the  hydrolytic 
enzymes  only  urease  seems  to  show  absolute  specificity  in  that  urea  is  the 
only  molecule  attacked. The  least  attempt  to  modify  the  urea  molecule 
results  in  inactivity  as  a  substrate  for  urease.®®  Nevertheless,  enzymes 
which  will  show  relative  specificity  towards  some  groups  on  the  substrate 
molecule  may  adopt  an  absolute  specificity  towards  others.  The  tremendous 
quantity  of  work  on  /3-glucosidase  carried  out  by  Helferich,^®  Pigman,^‘ 
and  Veibel,"*®  has  shown  that  this  enzyme  is  absolutely  specific  with  regard 
to  carbon  atoms  1,  2,  and  3  on  the  sugar  molecule  and  relatively  specific 
with  regard  to  carbons  4,  5,  and  6  and  also  the  aglycon. 

The  distinction  between  esterases  and  lipases  is  one  of  relative  specificity. 
The  lipases  hydrolyze  triglycerides  more  readily  than  they  do  esters  of 
monohydric  alcohols,  whereas  the  reverse  is  true  with  regard  to  the  ester¬ 
ases.  The  absolute  specificity  of  esterases,  therefore,  applies  only  to  the 
bond  hydrolyzed,  the  ester,  and  not  to  vicinal  groups.  Relative  specificity 
is  influenced  by  the  nature  of  the  acid  and  alcohol  moieties  of  the  ester  and 
by  the  stereochemistry  of  these  components.'*®  Substrates  for  the  study  of 
lipase  action  are  most  often  chosen  for  experimental  convenience,  such  as 
solubility  in  water,  rather  than  as  possible  natural  substrates  of  these 
enzymes.  In  such  a  situation  it  is  natural  that  confusion  arises. 


II.  Esterases 

1.  Pancreatic  Lipase 

Most  of  the  investigations  concerning  this  enzyme  have  been  done  with 
fairly  crude  glycerol  extracts  of  pancreatic  tissue.  Bamann  and  Laeverenz'^ 
reported  the  preparation  of  crystalline  pancreatic  lipase,  but  confirmation 
of  their  results  is  lacking.'*®  The  kinetics  of  pancreatic  lipase  action  have 
been  treated  by  Schpnheyder  and  Volqvartz^®  who  used  racemic  1-caprylyl 

•’  The  report  of  Shaw  and  Kistiakowski  (d.  Am.  Ckem.  Soc.  72,  634,  1950)  that 
bmret  .s  hydrolyzed  by  crystalline  urease  was  later  wlthdra«;  (iWd.  p  28i? 

wel  have'en  P«P-ation  of  biuret  may  viy 

well  have  contained  urea  as  an  impurity.  ^ 

W  w' pi™’  2.  74  (1833);  ibid.  7,  83  (1938). 

42  a  \r  \  in  Enzymol.  4,  41  (1944) 

mV:.:  tpartTp'!*.*^''’*"''  New  York, 

"  L^zrcEut  ThitruitiXT  n-  f-. 

1704.  ’  Academic  Press,  New  York,  1945,  p. 

“  R  A‘‘"rw"  Vhysiol.  Chem.  223,  1  (1934) 

R.  A^Bo,ssonnas,  Helv.  Chim.  Acta  31,  1577  (1948)  ' 

F.  Sehduheyder  and  K.  Volqvartz,  Biochim.  ct  Biojyc.  A-,a  6,  147  (1950). 
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glycerol  as  substrate.  Again,  however,  the  enzyme  preparation  was  com¬ 
paratively  crude  for  such  a  detailed  study.  The  investigations  of  Fodor"*^ 
have  pointed  to  the  existence  of  two  esterases  in  pancreatic  extracts.  The 
lipase  which  hydrolyzes  triglycerides,  such  as  olive  oil,  tributyrin,  or  tri- 
propionin,  is  more  resistant  to  treatment  with  heat  and  alkali  than  the 
esterase  which  hydrolyzes  ethyl  butyrate  and  other  esters  of  monohydric 
alcohols.  Although  this  evidence  is  indirect,  Boissonnas"*^  in  purifying  swine 
pancreatic  lipase  17.2-fold  interprets  the  varying  activities  of  his  fractions 
against  the  substrates.  Tween  20,  ethyl  butyrate,  ethyl  acetate,  and  tri- 
acetin,  as  indicative  of  the  presence  of  more  than  one  enzyme.  Until  the 
esterase  activities  of  pancreatic  extracts  are  resolved,  kinetic  studies  which 
are  directed  tow^ards  the  elucidation  of  the  mechanisms  of  lipolysis  will 
be  disputable. 

The  use  of  water-soluble  substrates  like  Tween  20  (polyoxyethylene 
sorbitan  monolaurate),  triglycerides  of  volatile  fatty  acids,  and  esteis  of 
low  molecular  w^eight  for  studies  of  lipase  action  necessarily  neglects  the 
real  problem  of  the  availability  of  the  predominant,  relatively  insoluble 
dietary  triglycerides  of  Cie  and  Cis  fatty  acids  to  the  lipase  molecules 
acting  in  an  aqueous  medium.  In  these  systems  where  a  large  portion  of  the 
substrate  is  in  a  phase  separate  from  the  enzyme,  the  extent  and  the  sta¬ 
bility  of  the  dispersion  of  the  fatty  phase  in  the  aqueous  phase  has  an 
effect  upon  the  rate  of  lipase  action.  Thus  the  optimum  pH  for  pancreatic 
lipase  action  on  the  triglycerides  of  higher  tatty  acids  may  reflect  he  pH 
at  which  emulsification  of  the  fat  is  the  greatest  and  is  therefore  alkahne, 
dH  7  to  9  For  Tw^een  20,  a  w^ater-soluble  substrate,  the  optimum  pH  is 
at  7 Bile  salts,  soaps,  and  foreign  proteins  which  activate  lipase  under 
alkaline  conditions  may  act  by  emulsifying  the  substrate  lathei  th, 
t  trecSy  affecting  tL  enzyme  protein.  /«  nvo  the  fe-det-™.mng 
step  may  be  the  degree  of  emulsification  of  the  fat  lathei  than  e  ve  y 
of  the  decomposition  of  the  enzyme-substrate  complex. 

The  ability  of  pancreatic  lipase  to  synthesize  as  well  as 
is  ivell  known.*"  The  standard  free  energy  of  hydrolysis  of  etYf^most 
11  Kniif  -400  eal  and  this  probably  does  not  vaiy  much 

x*  sr“„r.t  1. « .1. 

..  P.  1.  Foaor,  IP.  PlPPl™  11-  ""“li  C'in  ■  ^ 

48  R.  M.  Archibald,  J.  Biol.  Chem.  165.  443  (1946). 

4»  K.  Holwerda,  Biochem.  Z.  296,  1  (1938).  „  24  491  (1900).  Also  see 

80  J.  H.  Kastle  and  A.  S.  I-evenhart  U  A..  C.e- tlyLk!  The  En- 
the  review  by  R.  Ammon  and  h  .  *  .  ^ 

o  or  Organic  Compoun.b. 

52  ‘nlmmetT^PM^^  Organic  Chemistry,  McGraw-Hill  Book  Co.,  New 

York,  1940. 
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free  energy  of  hydrolysis  will  be  influenced  by  the  concentration  of  water 
and  the  pH.  The  solubility  of  the  triglyceride,  however,  renders  the  effect 
of  water  constant.  At  low  hydrogen  ion  concentrations  the  hydrolytic  re¬ 
action  will  be  more  exergonic  because  the  liberated  fatty  acid  will  be  con¬ 
verted  into  soap  and  thus  cannot  take  part  in  the  synthetic  reaction.  The 
degree  to  which  this  effect  occurs  will  vary  with  the  acid  strength  of  the 
fatty  acids. 

During  the  course  of  lipolysis  the  liberation  of  free  fatty  acid  lowers  the 
pH.  This  necessitates  large  buffer  capacities  in  in  vitro  experiments.  In 
the  alkaline  range  especially,  the  effect  of  pH  on  esterase  or  lipase  action 
may  be  a  combined  effect  upon  the  reactants,  the  products,  and  the  enzyme 
protein. 


2.  Tissue  Esterases 

The  hydrolysis  of  ethyl  butyrate  is  a  ubic[uitous  phenomenon  occurring 
m  animal  and  plant  tissues  of  many  types.  The  enzyme  responsible  for  the 
catalysis  of  this  hydrolysis  has  been  purified.^®  In  general,  tissues  contain 
one  or  more  aliphatic  esterases  (or  “ali-esterases”)  which  have  a  broad 
specificity  for  simple  esters,  possibly  extending  to  esters  of  cholesterol 
and  vitamin  A. 

a.  Cholinesterases.  Esters  of  choline  are  rapidly  hydrolyzed  by  enzymes 
in  panel eas,  liv'er,  serum,  red  blood  corpuscles,  and  conducting  tissues. 
Ihe  activity  of  serum  cholinesterase  is  highest  for  the  hydrolysis  of 
w-butyrylcholine,®''  but  non-choline  esters  are  also  split. The  present 
situation  concerning  the  specificity  of  cholinesterases  has  been  reviewed 
with  impartiality  by  Whittaker.se 

It  is  necessary  to  distinguish  among  three  types  of  esterases:  (1)  The 
aliphatic  esterases  which  are  tissue  esterases  of  broad  specificity,  highest 
for  aliphatic  esters  but  extending  to  choline  esters.  (2)  Cholinesterases 
which  occur  mainly  in  pancreas,  liver,  and  serum,  the  activity  of  which  is 
greatest  for  choline  esters.  (3)  Acetylcholinesterase,”  present  mainly  in 
conducting  tissue  and  red  blood  corpuscles,  which  has  a  relative  specificity 
ton  aids  choline  esters  but  is  most  active  in  splitting  acetylcholine.  It  is  to 
be  noted,  however,  that  the  cholinesterases  and  acetylcholinesterases  will 
to  a  tesser  degree  cata  yse  the  hydrolysis  of  esters  of  aliphatic  alcohols.^*  •  ” 
the  collection  of  data  on  cholinesterases  it  is  important  that  purified 
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preparations  be  used  that  are  not  contaminated  with  aliphatic  esterases. 
Specific  substrates,  acetyl-/3-methylcholine  and  benzoylcholine,  have  been 
used  to  differentiate  between  acetylcholinesterase  (true  cholinesterase)®" 
and  cholinesterase  (pseudocholinesterase)  respectively.®^ 

One  of  the  pillars  upon  which  rests  the  prevailing  theory  of  the  chemical  media¬ 
tion  of  nerve  impulses®'*  is  the  uniqueness,  in  conducting  tissue,  of  the  enzyme  that 
hydrolyzes  acetylcholine.  The  characteristics  of  acetylcholinesterase  that  distin¬ 
guish  it  from  the  other  cholinesterases  are  as  follows;  (1)  A  small  Km  when  acetyl¬ 
choline  is  the  substrate.  (2)  Inhibition  of  the  hydrolysis  of  acetylcholine  by  the  sub¬ 
strate  so  that  when  the  velocity  is  plotted  against  substrate  concentration  a 
bell-shaped  curve  results.”  (3)  A  rate  of  hydrolysis  that  is  greatest  with  acetyl¬ 
choline,  less  with  propionylcholine,  and  the  least  with  butyrylcholine.  None  of  these 
properties  is  shared  by  the  other  cholinesterases.®®  Acetylcholinesterase  occurs, 
however,  not  only  in  conducting  tissue  but  also  in  erythrocytes  and  cobra  venom. 
The  distribution  of  cholinesterases  has  been  reviewed  by  Augustinsson.®^ 

The  mechanism  of  the  action  of  acetylcholinesterase  purified  from  the  electric 
organs  of  Electrophorus  electricus  involves  the  attraction  of  the  positively  charged 
nitrogen  of  acetylcholine  to  an  anionic  site  on  the  enzyme  and  cleavage  of  the  sub¬ 
strate  at  an  “esteratic”  site  of  a  nucleophilic  character.®®  The  irreversible  inhibi¬ 
tion  by  the  alkyl  phosphates,  tetraethyl  pyrophosphate  (TEPP)  and  diisopropyl- 
fluorophosphate  (DFP)  may  be  due  to  phosphorylation  of  the  nucleophilic  esteratic 
site  6®  The  phosphorylation  by  DFP  of  the  phenolic  hydroxyl  group  of  free  tyrosine 
his  been  clLonstraLd  by  AshboH  and  Rydon.-  Chymotryps.n  and  c.trus  fru.t 
acetyleaterase  are  also  inhibited  by  DFP  and  TEPP." 

The  synthesis  of  acetylcholine  catalyzed  by  acetylcholinesterase  as 
might  be  expected  from  the  preceding  considerations  on  the  reversal  o 
lipL  action,  will  proceed  at  pH  5.1  in  contrast  to  the  hydrolysis  which 
is  most  rapid  at  pH  8  to  9.“  From  equilibrium  constaiits  &stiiii 
calculated  the  AF°  of  the  hydrolysis  of  acetylcholine  to  be  about  3.00 

'"'b  chotestelfl' EltLase.  The  position  of  this  enzyme  is  controverpL 
Esterihcation  of  cholesterol  and  hydrolysis  of 

in  serum,'"  pancreas,  liver,  spleen,  intestinal  mucosa,  /‘f  “.'™‘ 

The  piirificarion  of  the  enzyme  has  not  progressed,  and  at  this  pon 
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difficult  to  discern  whether  the  esterification  of  cholesterol  is  due  to  a 
separate  enzyme  or  is  merely  a  manifestation  of  the  broad  specificity  of  a 
general  esterase.  Fodor^^  has  found  that  the  capacities  of  pancreatic  ex¬ 
tract  to  hydrolyze  methyl  buy  rate  and  cholesteryl  butyrate  decline  in  a 
parallel  fashion  on  treatment  with  heat. 

The  esterification  of  cholesterol  is  considered  by  Nieft  and  DeueF^  and 
by  Saviano  and  Baccarh®  to  be  due  to  an  enzymatic  activity  separate  from 
that  which  hydrolyzes  cholesteryl  esters.  With  but  one  exception  the  hy¬ 
drolysis  of  cholesteryl  esters  has  taken  place  in  the  same  extract  as  that 
in  which  esterification  of  cholesterol  occurred,  and  at  a  higher  pH  than 
esterification.^* ' It  is  difficult  to  reconcile  the  concept  of  the  true 
catalytic  function  of  enzymes  with  the  idea  of  completely  separate  enzymes 
involved  in  esterification  and  hydrolytic  reactions. 

The  formation  and  hydrolysis  of  fatty  acid  esters  of  cholesterol  play  an 
important  part  in  the  “fatty  liver”  syndrome.^®  Pathological  fatty 
livers  contain  an  inordinate  proportion  of  cholesteryl  esters  of  fatty  acids. 
Under  treatment  with  lipotropic  agents  these  esters  are  the  most  resistant 
and  tend  to  leave  the  liver  last. 


3.  Phospholipases 

The  phospholipases  hydrolyze  lecithin,  cephalin,  and  other  phospho¬ 
lipids.  The  products  of  the  hydrolysis  vary  according  to  the  bonds  which 
are  attacked,  but  only  two  phospholipases  will  be  discussed  here.  The 

reader  is  referred  to  Zeller ’s’»  review  for  a  complete  discussion  of  these 
enzymes. 

Phospholipase  hydrolyzes  the  ester  linkage  of  the  unsaturated  fatty 
acid  m  an  «  position  on  the  glycerol  moiety  of  lecithin  to  yield  lysolecithin 
a  powerful  hemolytic  agent The  enzyme  occurs  in  snake  venom  and  in 
tissue  extracts  including  the  pancreas.  Both  lecithins  and  cephalins  are 
split  but  triglycerides  and  sphingomyelins  are  not  attacked  .  si 

Phospholipase  B  hydrolyzes  the  ester  linkage  of  the  saturated  fatty 
d  in  the  0  position  on  the  glycerol  moiety  of  lysolecithin.  Thus  the 
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hydrolysis  of  lecithin  is  carried  to  glycerylphosphorylcholine  and  free  fatty 
acid.  This  enzyme  is  present  in  pancreas  and  other  tissues  but  is  absent 
from  snake  venom. 


III.  Proteolytic  Enzymes 

1.  Proteinases 

Proteinases  catalyze  the  hydrolysis  of  peptide  linkages  in  proteins.  Those 
proteinases  which  have  been  purified  have  also  been  shown  to  have  pep¬ 
tidase  activity,  that  is,  they  catalyze  the  hydrolysis  of  synthetic  poly¬ 
peptides  of  known  structure.  Because  the  proteinases  split  proteins  to 
yield  lower  molecular  weight  peptones,  proteoses,  and  peptides  they  have 
been  termed  endopeptidases ;  they  are  capable  of  hydrolyzing  peptide 
bonds  that  are  not  terminal.  Exopeptidases  can  hydrolyze  only  peptide 
bonds  that  involve  terminal  amino  acids.  The  synthesis  of  peptide  sub¬ 
strates  has  been  authoritatively  reviewed  by  Fruton.^^ 

The  definition  of  the  scope  of  the  specificity  of  proteolytic  enzymes  with 
regard  to  the  chemical  configurations  in  the  vicinity  of  the  hydrolyzable 
peptide  bond  has  necessarily  been  restricted  to  their  peptidase  activity  in 
order  that  substrates  of  known  chemical  structure  can  be  used  The  familiar 
classification  of  proteinases  on  the  basis  of  specificity  towards  peptides  as 
model  substrates^s  ’  has  yet  to  meet  rigorous  testing  on  those  laie 

polypeptides  of  high  molecular  weight  and  known  constitution.  That  this 
is  now  beginning  to  come  into  the  range  of  experimental  possibility  h 
been  demLstrated  by  Sanger  and  Tuppy««  in  their  investigations  on  he 
nroducts  of  the  enzymatic  hydrolysis  of  polypeptide  chains  from  insulin. 
LdtLnalinformatL  on  this  question  has  come  from  the  work  of  Katch- 
alskF  on  the  enzymatic  hydrolysis  of  synthetic  poly-L-lysm  . 

Ppnsin  Pepsin  is  the  proteinase  secreted  as  pepsinogen  3y 
elt^rthe  ISucosa  The  action  of  crystalline  pepsin  results  m  the 
u  1  1  •  n  nentide  bond  involving  the  ammo  group  of  tyrosine,  pheny 
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yet,  however,  no  complete  study  of  the  specificity  of  the  peptidase  action 
of  pepsin  has  been  reported.  That  such  an  investigation  is  timely  is  in¬ 
dicated  by  the  study  of  Sanger  and  Tuppy*®  on  the  peptic  degradation  of 
fraction  B  of  insulin.  They  found  that  the  major  sites  of  hydrolysis  were 
the  peptide  bonds  between  the  following  amino  acid  residues:  leucylvalyl, 
tyrosylleucyl,  phenylalanylphenylalanyl,  and  phenylalanyltyrosyl.  Poly¬ 
lysine  is  not  attacked  by  pepsin.®^ 

For  hydrolytic  action  on  proteins  pepsin  works  optimally  at  pH  1.8  to 
2.  Earlier  experiments®®  indicated  that  pepsin  displayed  its  optimum  pep¬ 
tidase  activity  at  pH  4,  but  recently  Baker®®  has  shown  that,  for  many 
peptides,  hydrolysis  by  pepsin  takes  place  most  rapidly  at  pH  2. 

b.  Trypsin.  The  structural  requirements  for  peptide  substrates  of  crys¬ 
talline  trypsin  have  been  summarized  by  Neurath  and  SchwerH®  partly  as 
follows: 

‘T.  A  positive  charge  separated  from  the  susceptible  bond  by  a  chain 
not  shorter  than  that  of  arginine  or  lysine.  The  maximum  distance 


of  separation  has  not  been  established. 

“2.  A  polar  group  in  the  a  position  to  the  carbonyl  carbon  atom  of  the 
susceptible  bond. 

“3.  The  susceptible  peptide,  amide,  or  ester  bond.” 

Trypsin,  chymotrypsin,  and  carboxypeptidase,  long  thought  to  be  specific 
only  for  the  hydrolysis  of  peptide  bonds  also  display  a  specific  esterase 
activity.®^  Irypsin,  for  e.xample,  splits  ammonia  from  benzoylargininamide 
and  as  well  splits  ethanol  from  benzoylarginine  ethyl  ester.  No  activity, 

however,  is  shown  toward  ethyl  butyrate,  a  substrate  for  an  aliphatic 
esterase.®^ 

In  accord  with  the  structural  requirements  for  tryptic  hydrolysis  quoted 
above  the  sites  of  trypsin  activity  towards  ..isulin  fraction  B  was  the 
peptide  bond  between  lysine  and  alanine.*'  No  other  sites  were  attacked 
nor  were  there  present  any  other  sites  having  the  required  structure.  Syn¬ 
thetic  polylysine  having  an  average  molecular  weight  of  4100  was  split 
almost  quantitatively  to  lysyllysiiie.**  At  this  time  no  data  are  available 
,  'p  «  et  ei  in  this  case  trypsin  acts  like  a-amylase  on  amylose 

by  dividing  the  polymer  until  the  dipeptide  stage  is  reached,  or  like  /J-Lvl- 

No  ac"t  ‘he  end  of  the  polymer, 

leucine)!**  ^  P»>yg>y<!iiie  or  poly(glycine  -|- 

It  has  recently  been  reported  from  Neurath ’s  laboratory’*  that  the 
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activity  of  dialyzed  trypsin  is  somewhat  increased  by  the  presence  of 
divalent  ions  of  calcium,  manganese,  cadmium,  and  cobalt.  Since  the 
activity  of  the  dialyzed  trypsin  in  the  presence  of  0.001  M  Ca++  was  in¬ 
creased  only  about  1.3-fold,  the  authors  do  not  regard  it  as  typical  metal 
activation. 

c.  Chymotrypsin.  Both  chymotrypsin  and  trypsin  are  secreted  as  zymo¬ 
gens  in  the  pancreatic  juice.  Neurath®^  has  reviewed  the  properties  of 
chymotrypsin.  The  structural  requirements  of  crystalline  chymotrypsin 
for  its  more  active  peptide  substrates  are  as  follows:  (1)  A  hydrolyzable 
peptide  bond.  (Chymotrypsin  will  also  hydrolyze  an  ester  linkage.)  (2)  An 
aromatic  amino  acid,  tyrosine,  phenylalanine,  or  tryptophane  (and,  to  a 
lesser  extent,  methionine),  in  L-configuration  as  the  donor  of  the  carbonyl 
group  to  the  hydrolyzable  bond.  (3)  A  “secondary  peptide”  group  formed 
by  the  amino  group  of  the  above  amino  acid  and  an  acyl  group  which  can  be 
benzoyl,  nicotinyl,  acetyl,  carbobenzoxyglycyl,  or  glycyl. 

Typical  peptide  substrates  for  chymotrypsin  are  benzoyl-L-tyrosyl- 
glycinamide®®  and  nicotinyl-L-tryptophanamide.^o  The  chamcter  of  its 
pH-velocity  curve  is  much  the  same  as  for  trypsin.  In  accord  with  the  above 
observations  the  major  action  of  chymotrypsin  on  fraction  B  of  insulin  is 
to  split  the  residues,  tyrosylleucyl,  phenylalanyltyrosyl,  and  tyrosyl- 
threonyl.  A  central  phenylalanylphenylalanyl  pair  remains  intact,  how¬ 
ever. ««  Polylysine  is  split  very  slowly;  25%  of  the  peptide  ^^o^ds  present 
are  cleaved  in  about  3  days  at  37°.  No  free  lysine  was  detected.  a^Chymo- 
trypsin  can  be  activated  about  1.5-fold  by  the  presence  o  0.01  .1/  La  . 

d  Cathepsin.  The  intracellular  proteinase  activity  o  tissues,  called 
cathepsin  ”  has  so  far  been  separated  into  activities  classified  now  as 
cathepsins  4  B.  and  C.”  In  addition,  there  is  a  variety  of  mtracenu  ai 
peptWases.  Cathepsin  .4,  formerly  cathepsin  I,- 

Lv-L-elutamyl-L-tyrosine  and  is  therefore  considered  to  hare  a  J 

similar  to  that  of  pepsin.  On  considering  ‘.''“‘Yhl^ToTye) 
comparatively  ill-defined  and  tha  cathepsin  A 

Neul,  la  Barron,  Modern  Tr.ds  in  Bliyeiology  and  B— try, 
R.  Willstatter  and  E.  Bamann  Z.  p  g  -  ^  I94,  793  ^952). 
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plete  purification  of  cathepsin  B  has  been  achieved,  and  thus  no  evidence 
for  its  proteinase  activity  is  available. 

Beef  spleen  cathepsin  C  has  been  partially  purified. Preparations  having  activity 
towards  glycyl-L-phenylalaninamide  some  one  hundred  times  greater  than  crude 
aqueous  extracts  have  been  shown,  upon  activation  by  cysteine,  to  hydrolyze  glycyl- 
L-tyrosinamide  and  a-L-glutamyl-L-tyrosine  ethyl  ester.  No  activity  was  shown 
towards  carbobenzoxy-L-glutamyl-L-tyrosine  and  benzoyl-L-argininamide.  Cathep¬ 
sin  C,  therefore,  has  substrate  requirements  similar  to  those  of  chymotrypsin.  These 
purified  preparations  cleaved  hemoglobin  and  serum  albumin.  The  rate  of  hydrolysis 
of  hemoglobin  was  enhanced  by  the  addition  of  cysteine,  but  the  hydrolysis  of  serum 
albumin  was  completely  dependent  on  it.  Measured  at  pH  5,  the  region  of  hydrogen 
ion  concentration  optimal  for  the  hydrolysis  of  glycyl-L-phenylalaninamide,  the 
activity  in  the  presence  of  cysteine  toward  hemoglobin  was  increased  some  sixfold 
and,  towards  the  peptide  substrate,  about  ninefold.®* 

At  best,  the  evidence  is  indirect  that  cathepsins  which  toward  peptides 
exhibit  specificity  patterns  similar  to  those  of  known  proteinases  can,  in 
fact,  hydrolyze  proteins.®®  A  satisfactory  answer  to  this  question  must 
await  the  purification  of  the  cathepsins  to  the  degree  of  the  extracellular 
proteinases.  The  main  differences  between  the  extracellular  proteinases 
and  cathepsins  are  as  follows:  (1)  The  presence  of  a  reducing  agent  is, 
essential  for  the  activity  of  cathepsins  B  and  C  but  not  for  trypsin  or 
chymotrypsin.  (2)  Crystalline  tyrpsin  inhibitor  has  no  effect  on  cathepsin 
B.®®  (3)  The  pH  optima  for  cathepsins  B  and  C  lie  between  pH  3.5  and  6 
compared  to  pH  8  to  9  favorable  for  the  action  of  trypsin  and  chymotrypsin. 


2.  Peptidases 


Numerous  peptidases  with  varying  specificities  have  been  described. 
Peptidases  may  be  defined  as  enzymes  that  split  peptide  bonds  of  only 
terminal  ammo  acids  and  thus  are  exopeptidases.  Aminopeptidases  hydro¬ 
lyze  peptide  bonds  involving  acids  with  a  free  a-amino  group;  carboxypep- 
tidase  requires  that  the  a-carboxyl  group  be  free.  Dipeptidases  and  tri- 
peptidases  will  split  substrates  in  which  there  is  onlv  onp 
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ticlases.  Smith  and  Hanson'®*  have  interpreted  their  experiments  with 
certain  metal  poisons  to  indicate  that  pancreatic  carboxypeptidase  is  a 
magnesium  protein.  Doubt  is  cast  on  this  hypothesis  by  the  work  of  Neii- 
rath  and  De  Maria,'®"'  who  find  that  orthophosphate,  pyrophosphate,  oxa¬ 
late,  citrate,  and  cyanide  have  no  effect  on  the  initial  velocity  of 
the  hydrolysis  of  carbobenzoxyglycyl-L-phenylalanine  by  crystalline  pan¬ 
creatic  carboxypeptidase.  This  enzyme,  however,  is  competitively  inhibited 
by  L-phenylalanine,  a  product  of  the  hydrolysis  of  the  peptide  substrate, 
and  thus  the  effect  of  these  anions,  demonstrated  with  orthophosphate,  was 
to  alter  the  enzyme-phenylalanine  dissociation  constant,  Ki.  Intracellular 
exopeptidases  when  activated  by  sulfhydryl  compounds  are  considered  to 
be  cathepsins.  In  the  present  discussion  the  term  cathepsin  was  limited  to 
those  intracellular  enzymes  which  are  homospecific*^  with  extracellular 
proteinases. 

Carboxypeptidase  will  attack  proteins,  presumably  by  splitting  off  one 
amino  acid  at  a  time  from  the  carboxyl  end  of  the  peptide  chain.  This 
specificity  is  responsible  for  the  utilization  of  carboxypeptidase  to  deter¬ 
mine  carboxy  terminal  amino  acids  in  insulin,'®^  fractions  from  oxidized 
insulin  lysozyme,'®^“  tobacco  mosaic  vims,'®^^  chymotrypsinogen,  DTP- 
chymotrypsin,  trypsinogen,  and  DFP-trypsin.>«  The  rate  of  hydrolysis 
of  the  carboxy  terminal  amino  acid  depends  on  the  amino  acid  split  o 
and  the  one  adjacent  to  it,  as  has  been  demonstrated  by  the  use  of  peptide 
substrates.2^  The  reaction  of  carboxypeptidase  with  proteins  containing 
carboxy  terminal  amino  acids  has  so  far  clearly  indicated,  by  the  mpid 
liberation  of  one  specific  amino  acid,  which  one  is  carboxy  termina  , 
however,  the  peptide  resulting  from  the  cleavage  now  bears  a  stracture 
more  easily  hydrolyzed  by  the  enzyme,  either  because  of  the  specificity 
requirements  of  the  enzyme  or  of  steric  disposition  the  T"*  ^ 
hydrolysis  can  be  difficult  to  interpret.  An  ammo  acid  liberated  ™P>dly 
considered  to  be  carboxy  terminal,  especially  when  there  is  0"'^  ““ 
terminal  end  group.  Amino  acids  “berated  subsequently  ho  jver^ 
have  been  carboxy  penultimate  on  the  peptide  chain  attacked  or  they  y 
have  been  cloxy  terminal  on  another  chain.  When  end-group  ^says 
reveal  more  than  one  amino  terminal  ammo  acid,  this  situation  may  o 

,3  Protein  Synthesis  and  Proteolytic  Enzymes 
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free  energy  of  formation  of  the  peptide  bond  is  in  the  neighborhood  of  3000 
cald®®  Applied  to  the  formation  of  hippuric  acid  in  solution  under  physio¬ 
logical  conditions,  this  value  changes  littled®^  This  apparently  large  free 
energy  of  formation  must  therefore  be  supplied  by  a  coupled  exergonic 
reaction  if  peptide  synthesis  is  to  take  place  by  a  reversal  of  the  hydrolytic 
reaction.  The  rich  array  of  intracellular  proteinases  and  peptidases,  each 
with  its  own  specihc  structural  reciuirements  for  hydrolysis  and  presumably 
for  synthesis,  has  been  ever  present  to  serve  as  catalysts  both  for  reactions 
and  for  discussion.^®*  ■ 

There  is  reason  to  believe  that  the  flat  value  of  3000  cal.  for  the  formation 
of  any  peptide  bond  may  be  misleading.^®®"  Employing  a  tracer  technique, 
Dobry,  Fruton,  and  Sturtevant^^®  have  provided  evidence  that  the  stand¬ 
ard  free  energy  of  hydrolysis  of  benzoyl-L-tyrosylglycinamide  to  yield 
benzoyl-L-tyrosine  and  glycinamide  at  pH  7.9,  25°,  in  aqueous  solution 
is  —420  ±  50  cal.  per  mole.  Chymotrypsin  was  used  to  catalyze  this  re¬ 
action.  Heat  measurements  on  the  enzymatic  hydrolysis  of  the  amide 
linkage  in  benzoyl-L-tyrosinamide  by  chymotrypsin  at  neutral  pH  and 
25°‘“  imply  that  the  free  energy  of  hydrolysis  for  this  amide  bond  can  be 
ten  times  greater  than  the  free  energy  of  hydrolysis  of  benzoyl-L-tyrosyl¬ 
glycinamide  described  above.  Consequently,  it  does  not  appear  that  all 
peptide  linkages  can  be  treated  equally  when  basing  arguments  on  the 
energy  required  for  their  formation. 

lhat  proteolytic  enzymes  can  indeed  catalyze  the  reversal  of  proteolysis 
was  shown  by  Bergmann  and  Fraenkel-Conrat”®  in  1937  in  their  study  of 
the  synthesis  of  insoluble  amides  and  anilides  catalyzed  by  papain  and 
bromelin.  These  studies  have  been  extended  recently  by  other  investigators. 

2  enzymes  displayed  the  same  specificity  in  synthesis  as  they  did  in 
hydrolysis.  Moreover,  when  the  free  energy  of  the  reaction  was  lowered  by 
the  subseqeunt  hydrolysis  of  the  product  rather  than  by  precipitation,  the 
synthetic  reaction  also  occurred  but  the  net  result  of  the  reaction  was  a 
hydrolysis.”*  These  experiments  serve  only  as  models  since  in  vivo  such 
insoluble  products  as  the  anilides  are  not  formed  nor  would  protein  syn¬ 
thesis  result  in  net  hydrolysis. 
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The  syntheses  of  glutamine"®  •  and  of  glutathione"®  are  the  only 
analyzed  examples,  to  date,  of  peptide  bond  synthesis  with  the  formation 
of  a  physiological  substrate.  In  both  cases  a  new  peptide  bond  involving 
the  7-carboxyl  group  of  glutamic  acid  is  formed,  and  in  both  cases  the 
simultaneous  decomposition  of  A  TP  is  obligatory  for  peptide  synthesis. 
These  syntheses,  it  should  be  noted,  are  not  catalyzed  by  the  enzymes 
responsible  for  the  hydrolysis  of  glutamine  or  glutathione. 

The  exchange  in  peptides  of  one  amino  acid  or  ammonia  (as  in  an  amide) 
for  another  amino  acid  or  peptide  is  a  reaction  catalyzed  by  proteolytic 
enzymes  and  has  been  termed  “transpeptidation.”"®  In  transpeptidation 
the  total  number  of  peptide  bonds  remains  the  same;  there  is  no  net  hy¬ 
drolysis  or  synthesis.  ,  ■ .  + . 

A  simple  case  of  the  general  transpeptidation  reaction  was  the  trans- 

amidation  resulting  in  the  formation  of  hippuric  anilide  from  aniline  and 
hippuric  amide  in  the  presence  of  papain."'  Since  this  reaction  proceeded 
much  faster  than  the  enzymatic  synthesis  of  hippuric  anilide  from  hippuiic 
acid  and  aniline,  it  seems  reasonable  to  infer  that  'n  the  fo^ 

reaction,  took  place  between  the  aniline  and  ammonia.  Waley  and  Wateon 
subjected  L-lysyl-L-tyrosyl-L-lysine  and  L-lysyl-L-tyrosyl-L-leuciiie  to  tieat- 
ment  with  chymotrypsin  and  trypsin  at  pH  7.8.  In  the  hydrolysis 
of  either  of  these  substrates  they  were  able  to  identi  y  . 

could  have  arisen  only  by  rearrangement  of  the  amino  >■' 

bond.  The  peptide  may  have  reacted  with  the  lysine  liberated  by  hydiol 

ysis: 

Lysine  -1-  lysyltyrosyllysine  Lysyllysine  +  tyrosyllysine 

In  a  similar  manner  there  occurs  the  formation  of  y-glutamyl  by 

ab.p  kidney  "  eslr  coil- 

catalyzed  by  trypsin  or  by  chymotiypsin 

has  been  noted  for  threonine  isopropyl  estei.  enzymes  have 

demX"  he  e^ml tL  ex^  oflabeled  ammonia.''  and  amino 
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acid  amides^^®  with  their  counterparts  in  peptide  amides.  Finally,  the 
elongation  of  peptide  chains  by  the  process  of  transpeptidation  was  shown 
to  occur  catalyzed  by  chymotrypsin  or  papain. In  all  cases  cited  the 
greatest  degree  of  transpeptidation  occurred  at  hydrogen  ion  concentra¬ 
tions  equal  to  or  less  than  that  optimal  for  hydrolysis.  Chymotrypsin 
catalyzed  the  following  reaction  at  pH  7.9: 

Benzoyltyrosinamide  -f  glycinamide  ^  Benzoyltyrosylglycinamide  -|-  ammonia 

Simultaneous  with  transpeptidation  occurs  the  enzymatic  deamidation  of 
benzoyltyrosinamide  and  the  hydrolysis  of  benzoyltyrosylglycinamide. 
But,  by  the  time  40%  of  the  benzoyltyrosinamide  had  been  deamidated 
at  least  14%  of  this  amount  had  been  converted  to  ben zoylty rosy Igly- 
cinamide.127  Experiments  with  partially  purified  cathepsin  C  show  that 
at  about  pH  7  replacement  of  the  amide  — NH2  group  of  glycylphenyl- 
alaninamide  by  argininamide  or  by  another  molecule  of  glycylphenyl- 
alaninamide  will  take  place.  Serving  as  both  substrate  and  replacement  agent 
glycylphenylalaninamide  will  polymerize  to  form  an  octapeptide  and  am¬ 
monia.  A  mixture  of  cathepsin  C  and  papain  at  pH  7.4  gave  evidence  of 

performing  the  following  transpeptidation  when  the  proper  substrates 
were  added : 


Carbobenzoxyisoglutamine  +  phenylalaninamide  -f-  argininamide 

Carbobenzoxy-a-glutamylphenylalanylargininamide  -f  2NH3 

This  coupled  transpeptidation  is  the  result  of  the  formation  of  the  glutamyl- 

(cTvol  I  ?  205-2^)“  by  cathep- 

not  explain  the  synthesis  of  new 
peptide  bonds  It  is  to  be  expected  that  glutathione  and  glutamine  will  not 
remain  the  only  examples  of  the  synthesis  of  new  peptL  bldl  TrZ 
peptidation  by  proteinases,  each  with  its  own  specific  requirements  how 
ver  may  operate  to  provide  redistribution  of  peptide  bonds  so  that  tl 
manifold  specificities  of  proteins  are  effected."*  ■ 


IV.  '.^arbohydrases 

1.  depolymerization  op  Polysaccharides 

organi.sms*are  starch^Tnd^dMLTstorerirfe  heterotrophic 

homogeneous  reserve  polysaccharide  in  nin  t  • 

dues  linked  m  «  configuration  at  C.  to  either  c7or  C  '  o“n  tlS'^ru";' 

;;;  ^  S^Fruto„,  R,  b.  J„h„Z:  a„d  M  F^d  205  (1950). 
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Polymeric  and  weakly  aggregated  in  solution,  starch  has  no  definite  molec¬ 
ular  weight  .  Two  components,  amylose  and  amylopectin,  are  recognized 
and  can  be  separated.  Amylose  is  a  straight-chain  dextran  consisting  of 
200  to  300  glucose  residues  all  linked  .Vmylopectin  is  a  branched 

polysaccharide.  The  most  frequent  glucosidic  linkage  is  l,4'-a,  but  at 
intervals  branching  occurs  by  formation  of  1 ,6'-a!-glucosidic  links.  Methyla- 
tion  studies  (end-group  assay)  reveal  that  the  average  chain  length  of  each 
branch  is  24  to  30  glucose  \inits,^®“-  that  is,  for  every  24  to  30  l,4'-a: 
links  there  is  a  l,6'-a  link.  However,  if  the  molecule  is  regarded  as  an 
irregularly  branched  bush,  the  branches  nearer  to  the  reducing  end  of  the 
molecule  (corresponding  to  the  root  of  the  bush)  are  shorter  than  the  out¬ 
side  branches.^^2  Iodine  yields  a  deep  blue  color  with  amylose  and  a  reddish- 
purple  color  with  pure  amylopectin.  The  blue  iodine  test  is  given  by  a  chain 
longer  than  35  glucose  units  and,  by  degrees,  changes  to  red  at  13  units 
and  finally  becomes  colorless  at  6  units.^**  Glycogen,  the  reserve  polysac¬ 
charide  of  animals,  resembles  amylopectin.  It  is  more  highly  branched, 
however  the  average  chain  length  being  about  10  units.^^^  Glycogen  yields 
a  reddish  color  with  iodine.  Although  the  degree  of  branching  m  glycogen 
is  greater  than  in  most  amylopectins,  polysaccharides  from  different  soui  ces 
display  different  properties.  Thus  the  amylopectin  from  corn  ways) 
*aU  the  properties  of  glycoger> ■»  Rabbit  liver  glycogen-  and 
corn  amylopectin'***  have  been  shown  to  contain  fmetose  residue®.  Since 
the  disacch^de  that  was  isolated  was  maltulose,  it  is  Po®*'®  tl"**  th 
fructo"  is  linked  a-1 ,4.  How  this  will  affect  the  interpretation  of  the  action 

"^rsS'fagTr^^^^^^^^  iTglycogen  are  in  question  o' 

depending  on  the  method  “f  f™c‘iona  ion.  In  add  tion 

association  effects  one  has  to  be  ™"um  molecular 

for  the  polymer.  By  end-gi  oiip  ^ay ,  y  igpoO  (for  300  hexose 

weight  of  about  32.000  (for  200  hexose  un  ts)  to  4^00  (Im 

„nts).  Molecular  weight  .t"  i  ^  irmo^^^^ 

one  to  three  of  these  chains  associated.  The  minimum 
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an  amylopectin  branch  is  about  3500.  A  molecule  of  amylopectin,  on  the 
basis  of  molecular  weight  determinations,  may  contain  at  least  15  branches. 
The  determination  of  the  molecular  weight  of  glycogen  is  beset  by  some¬ 
what  the  same  problems.  The  picture  of  the  glycogen  molecule  is  that  of  a 
more  highly  branched  polysaccharide  with  the  number  of  branches  ranging 
from  about  20,  upward.  The  outline  of  polysaccharide  structure  given  here 
IS  necessarily  curtailed  but  sufficient  to  permit  a  discussion  of  the  action 
of  amylolytic  enzymes.  For  more  detailed  accounts  the  reviews  of  IVIeyer*®^  > 
and  of  Myrback'^-  are  recommended. 


a.  Amylases.  Both  animals  and  plants  contain  amylases  which  to  some 
degree  can  hydrolyze  starch  or  glycogen  to  maltose.  Crude  preparations  of 
amylases  are  often  referred  to  as  diastases. 

(1)  a-Amylase  Action.  On  treatment  with  a-amylase  amylose  is  finally 
hydrolyzed  to  a  mixture  of  ^-maltose  (87%)  and  glucose  (13%).  Random 
attack  a  non-te,m,nal  i  ,4'-a-gIucosidic  linkages  yields  intermediate  dex- 
trms  of  decreasing  chain  length  and,  as  hydrolysis  continues,  a  mixture  of 

sX  re  7  (^-[«-maltosyll-D-glucose).-  Maltotriose  is 

X  “o'hfaTo^”  a  series  of  dexirins,  and  Imli; 

-0  hi.  at  20  ,  a  mixture  of  19%  glucose,  73%  maltose  and  8%  iso- 

gi-Lon^Th  tlegradation  of  an  amylopectin  with  4%  end 

theXTcr  i-r  -  *  V 

and  Roberts  j^^ve  modified  fh*  ^  ^‘^®Py^^^osyl)-D-glucose.i^3  ’Whelan 

Salivary  a-amylase  cannot  hydr7yr“ril7l“‘7r 
terminal a-l, 4-glucosidic  Hnkq  off  i  j  but 

liver  glycogen  with  the  samren/yr  ylXf 

lowest  of  which  was  a  pentasaccharide  Th^  dextnns,  the 

lated,  therefore,  that  e^h  oTthe 

Imk  IS  resistant  to  hydrolysis  by  a-amylase!  ^  to  the  branch 


at  hraneh  points 

enzymatic  hydrolysis  o°t  aXne'ct.i'Tir  lla  ?■  7^7," 
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saccharide,  isomaltose.  Until  the  work  of  Wolfrom  and  his  associates, in  char¬ 
acterizing  the  disaccharide  obtained  from  the  acid  partial  hydrolysis  of  the  l,6'-a- 
linked  dextran  from  Leuconostoc  dextranicum,  the  properties  and  derivatives  of 
isomaltose  were  indefinite.  In  some  cases'^^  isomaltose  obtained  from  the  hydrolysis 
of  amylopectin  by  purified  a-amylase  was  characterized  by  such  properties  as  not 
being  fermentable  by  yeast,  exhibiting  a  degree  of  polymerization  close  to  two,  and 
a  correct  reducing  value.  Despite  the  strength  of  these  implications,  proof  had  long 
been  lacking  for  the  presence  of  isomaltose  among  the  products  of  enzymatic  hydroly¬ 
sis  True  isomaltose  has  been  isolated  from  the  mixture  resulting  from  the  acid  partial 
hydrolysis  of  amylopectin,’'*®  but  application  of  the  same  technique  of  isolation  has 
failed  to  reveal  isomaltose  as  a  product  of  the  degradation  of  the  same  substrate  by 
diastase  preparations  from  barley  malt.’^^.  In  such  barley  malt  preparations  it  is 
highly  probable  that  an  amylo-1 ,6-glucosidase  is  also  present  which  might  catalyze 
the  cleavage  of  the  1 ,6'-a-glucosidic  branch  points.’^® 

Hydrolysis  of  amylopectin  by  takadiastase  preparations  from 
gave  the  expected  quantity,  judging  from  the  degree  of  branchmg  of 
of  true  isomaltose,  well  characterized.’^**  But  it  has  since  been  shown  that  A.  oryzae 
extracts  contain  a  very  interesting  transglucosidase  which  can  lead  to  the  synthesis, 

— dt 

been  achieved,  heterogeneous  enryme  P has 
rerLTde‘,Ud;\ha"'oS  luToth  cases  the  conclusions  concerning  the  action 
of  amylase  tend  to  be  obscure. 


amyiase  - -  .  , 

The  random  attack  of  a-amylase  on  starch  or  ® 

times  called  dextrinogemc  amylases.  Reducing  g 

released  as  a-anomers,  hence  the  name  a  maltose  by  ^-amylase. 

(2)  B-Amylase  Action.  Amylose  is  hydrolyzed  to  ^ 

Frori  the  inhiation  of  amylolytic  action 
action  of  «-amylase  which  produces 

action  is  that  it  continuously  hydrolyzes  o  that  in 

cosidic  link  from  the  non-reducing  ^  polysaccharide  until 

effect  one  maltose  unit  at  a  time  is  f  aved 
all  the  amylose  molecule  is  converted  to  maltose. 

^  ITT  IVTillpr  J.  Am.  Chem.  Soc.  71»  v 

...  M.L.  Wolfrom,  L.W.  Georges,  and  y.  Am.  Chem.  Soc.  69  .  473 

14ft  L.  w.  Georges,  I.  L.  Miller,  ana  m. 


u  T  T  Tvree  T  T.  Galkowski,  and  A.  N.  O’Neill,  J.  Am.  Chem. 

146  M.  L.  Wolfrom,  J.  1.  iyree,  t  ^  • 

See.  73,  4927  Smpson,  and  I.  L.  Miller,  d.  .im.  Chem. 

147  M.  L.  Wolfrom,  L.  W.  Georges, 

Soc.  71,  2873  (1949).  ,  ,  Brewing  Chemists,  Proc.  20  (1948). 

148  E.  Kneen  and  J.  M.  ^lev  and  G.  E.  Hilbert,  J.  Am.  Chem.  Soc.  » 

14.  E.  M.  Montgomery,  F.  B. 

1682  (1949)1  •'"f  Chem.  196.  265  (1962). 

150  J.  H.  Pazur  and  D.  Ire  ,  379  (1951). 

...  p.  Bernfeld,  Advances  m  Enzymol.  12.  379  (190 
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Two  theories  of  /3-amylase  action  on  amylose  may  be  mentioned.  The 
“single-chain”  theory^®^  •  considers  that  a  single  chain  of  amylose 

is  degraded  completely  by  a  molecule  of  the  /3-amylase  before  another 
amylose  chain  is  attacked.  The  “multi-chain”  theory^®®  ■  states  that 
degradation  of  one  amylose  chain  by  a  molecule  of  (S-amylase  does  not 
necessarily  have  to  be  complete  before  the  same  enzj^me  molecule  begins 
to  cleave  another  chain.  The  molecular  sizes  and  the  proportions  of  the 
intermediate  dextrins  during  the  course  of  the  reaction,  as  measured  by 
maltose  liberation,  is  the  method  used  to  test  the  validity  of  these  theories. 

It  is  worth  while  noting,  however,  that  Thomas,  Whelan,  and  Peat^^®® 
found  that  sweet  potato,  crystalline  /3-amylase  or  soybean,  purified  jS-amyl- 
ase  will  cleave  pure  amylose  only  70%  to  completion.  Cruder  soybean 
preparations  contain  an  additional  factor  (“Z  enzyme”)  which  when  added 
to  the  purified  amylase  will  allow  hydrolysis  of  the  amylose  to  proceed  to 
completion.  The  Z  enzyme  has  been  purified  and  found  to  have  all  the 
properties  of  a  /3-glucosidase,  and,  in  fact,  emulsin  will  replace  it.  Conse¬ 
quently  it  appears  that  amylose  contains  one  or  more  jS-linked  glucose 
residues  in  the  chain,  or  more  likely  attached  to  the  chain  at  the  free  2,  3, 
5,  or  6  position  of  an  intra-chain  glucose  residue.'®®®  Since  it  would 
probably  take  only  one  such  ^-linked  residue  per  chain  to  interrupt  the 
progress  of  ^-amylase,  it  is  not  unusual  that  methylation  studies  have  not 
detected  it  The  structure  outlined  previously  for  amylose  may  be  modified 
somewhat  to  include  these  observations. 

The  action  of  0-amylase  on  amylopectin  or  glycogen  results  in  incom- 
p  etc  depolymenzation  of  the  polysaccharide.  The  branch  points  consisting 
of  ,6-o-glucosM,c  links  rather  than  l,4'-a  are  effective  blocks  to  e 
continuance  of  0-amylase  action.  The  resulting  resistant  dextrin  is  called 

elucid”™  0? am;io“ctin\rd"‘;tyt;erstr^^^^^^^ 

onTy'^tie  ,•'  *>- 

portion  of  the  lirnd  de^t  i  prox  m Z 
aanubs  of  the  former  outer^iraX"  It 

R.  H.'  HopkiM^nd  B  77“;)  ( ■  (1951 ). 

F  T  n  .  Jeimek,  Nature  164,  955  (1949^ 

a  T  xITarwt  ^ 

w.  J.  Whelan,  and  S  J  Pirt  ’  J.  47,  xl  (1950);  S  Peat 

““  S-  Peat,  S.  J.’pirt,  Jw  j.’wC:: 

wnelan,  J.  Chem.  Soc.  1952,  705,  714,  722. 
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have  led  Meyer,  Giirtler,  and  Bernfeld,'^’  to  the  conclusion  that  amylo- 
pectin  and  glycogen  have  an  irregularly  branched,  bush-like  structure.^^^ 
When  about  60%  of  an  amylopectin  molecule  is  transformed  by  /3-amyl¬ 
ase  into  maltose,  the  hydrolysis  stops.  Since  for  glycogen  this  conversion 
limit  is  reached  when  only  about  47%  is  degraded  to  maltose,  it  is  evident 
that  the  outer  branches  in  glycogen  constitute  a  smaller  proportion  of  the 
molecule.  The  details  of  the  interior  structure  of  glycogen  have  been  re¬ 
vealed  by  treating  the  molecule  alternately  with  phosphorylase  and  amylo- 

The  immediate  production  of  maltose  by  ^-amylase  has  led  to  its  being 
called  maltogenic  amylase,  lii  all  cases  /3-amyla«e  produces  only  ^-maltose 
and  none  of  the  a-anomers.  The  mechanism  of  the  inversion  of  the  ano- 
meric  carbon  atom  during  cleavage  by  the  enzyme  is  unknoun.  Ihe  oc¬ 
currences  of  d-amylase  activity  is  restricted  to  higher  plants. 

(3)  Individual  Amylases.  All  animal  amylases  that  have  so  far  been 
studied  have  been  c-amylases.  Human  salivary  and  pancreatic 
and  pig  pancreatic  amylase  require  the  presence  of  certain  anions  foi  full 
r  itv  ^Dialvsis  of  both  enzyme  and  substrate  reduce  the  amylolytic 
“tivhy  t^S  of  its  Iximum  value.  Aildition  of  0.001  d/  chloride  imi, 

+1  .  KCl  NH4CI  MgCh,  or  CaCh,  will  restoie  the  actnity 

t'o  80%  oTits  maximum  value.  The  same  concentration  of  bromide,  lodnle 

%f  f::e 

';r 

b.  Isoamylase  and  Amylog  ucosi  two  types  of 

sidle  linkages  in  Les  nroper.  Hobson,  Whelan,  and  Peat'“ 

enzymes  separate  from  I  le  amy  potato  extracts  which  serves 

m::^  completely  hydrolyzable  by  d-amylase,  appiu- 

P  Giirtler  and  P.  bernfeld,  iVotare  160,  900  (1947). 

'^'-Sdi.^baU  ^fo,.  .u.  u.  n. 

:::  k  .f «  c:nipa^^  Anlmal  Physio, og.v,  W.  B.  Saunders. 

Philadelphia.  1950,  p.  144.  (1940).  ,  „ 

CS'-- « T;::;::  .“".nr' """7 

...  ^.“"/ib'tron'w.  Itri'and  S.'Peat.  J.  xxxix  (1950). 
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ently  by  cleaving  the  1,6'-q!  branch  points.  The  isoamylase  of  Maruo  and 
Kobayashi'®^  may  be  identical  with  this  debranching  R  enzyme.  In  addition 
to  these  amylases  acting  on  the  1 ,  G'-a-ghicosidic  links  of  amylopectin  there 
also  exist  amylo-1 , 6-gliicosidases  which  hydrolyze  the  same  bonds  in  limit 
dextrins  of  branched  polysaccharides  treated  with  (S-amylase.  An  amylo- 
1 , 6-glucosidase  occurs  in  yeast'®®  and  in  barley  malt.'-'®  It  is  evident  that 
crude  diastase  preparations  may  contain  varying  quantities  of  the  enzymes 
involved  in  the  scission  of  1 ,6'-Q;-glucosidic  links. '®“  For  this  reason  the 
purest  enzymes  available  should  be  used  for  the  determination  of  the  end 
products  of  amylase  activity. 

Muscle  also  contains  an  amylo-1 , 6-glucosidase  which  hydrolyzes  the 
l,6'-a-glucoside  links  of  the  limit  dextrin  obtained  from  phosphorylase 
action  on  glycogen  or  amylopectin.'®®  The  products  of  the  reaction  are 
glucose  and  a  dextrin  which  can  further  be  partially  phosphorolyzed  by 
the  phosphorylase. 


c.  Cellulase.  Cellulose  is  the  principal  structural  polysaccharide  of  plants 
the  only  animal  occurrence  of  this  polysaccharide  is  in  the  tests  of  tunicates 
Phallusta  and  Molgula.  The  repeating  structure  of  cellulose  is  similar  to’ 
amylose  ivith  one  critical  exception,  namely,  the  D-gliicose  residues  are 
on  e  -p  rather  than  1 ,4'-a.  Cellulose,  compared  to  amylose  is  much 
more  insoluble  is  resistant  to  acid  hydrolysis,  and  is  completely  inactive 
as  a  substrate  for  amylase.  The  markedly  different  physical  and  chemical 
properties  of  amylose  compared  to  cellulose  is  due  simply  to  the  configura 

!hTn  atom.  Because  of  this  there  are  fai-reLhing' 

changes  in  the  aspect  the  polymer  presents  '®®  Ppllnlnco  ■  i  +  ^ 

that  native  cellulose  has  upward  of  3,500  hexo^  units 

pIantsrd“2X“s'mt  WnMl 

snails  iHeU.  and  wZlVs^Zit  TS’  f 

secrete  cellulase  in  their  digestive  inicp  n  ii  i’  '''ood  insects 

wood  cockroaches  (CV^ptoccrcws)  and  digestion  by  termites, 

protozoa  and  bacteria  which  live  in  thn"  t"*'*  symbiotic 

ruminants,  however,  the  Lci  ^or  the  ■'™- 

are  able  to  digest  cellulose.  Wheth:rX td  “tTj 

sorbed  is  not  known.'®®  ociucts  ot  this  digestion  are  ab- 


K  H^Mp  Nature  167,  606  (1951) 

w.  ti.  Meyer  and  P.  Bernfeld  Tf^h,  ru  ■  a 

O.  Hassel  and  B.  Ottar  Act Ch!  23,  875  (1940). 

167  w  ^  ^  f^nem.  Scand.  1,  929  nQ47i 

w.  W.  Pigman  and  R.  M.  Goeno  Tr  ^ 

demic  Press,  New  York,  1948.  ^  ’  ’’  the  Carbohydrates,  Aca- 
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The  immediate  product  of  cellulose  hydrolysis  by  cellulase  is  believed 
to  be  cellobiose,^**  but  in  crude  extracts  a  cellobiase  is  generally  present  and 
thus  D-glucose  is  the  product.  The  successful  separation  of  cellobiase  from 
cellulase  indicates  that  the  two  enzymes  are  not  identical.  Pigman  has 
reviewed  the  literature  on  cellulases.^®^ 

d.  Mucopolysaccharidases.  Mucopolysaccharides  are  roughly  defined  as 
polysaccharides  containing  residues  of  hexoseamine  as  components. 

(1)  Chitinase.  The  organic  skeletal  substance  of  crustaceans,  insects, 
and  fungi  is  composed  of  chitin,  a  chain  polymer  of  N-acetylglucosamme 
(N-acetyl-2-amino-2-desoxy-D-glucose)  residues  connected  through  l,4'-/3- 
glucosidic  links.  Chitin  is  usually  associated  with  protein. 

Helix  pomatia  contains  an  enzyme  capable  of  splitting  chitin  to  N-acetyl- 
glucosamine.i^^  The  work  of  Zechmeister,  Toth,  and  Vajda"^  indicates 
the  possibility  that  chitobiose  (4-glucosamine  D-glucosaminide)  may  be  an 
intermediate  because  Helix  digestive  tracts  also  contain  a  chitobiase. 

(2)  Hvaluronidases.  The  properties  of  these  enzymes  and  other  muco¬ 
polysaccharidases  have  been  reviewed  by  Fishman."*  Since  these  enzymes 
are  involved  in  the  hydrolysis  of  mucus,  their  function  m  fertilization  anc 
other  types  of  cytolysis  is  extremely  important.  The  significance  of  thes 
enzymes  in  nutrition  has  been  considered  by  Duran-Reynals. 

2.  Disaccharidases 

The  specihcity  of  disaccharidases  has  been  an  object  of  study  for  many 
vears  by  Heherich-  and  his  school.  Reference  to  some  of  the*  stud*s  has 
ready  beirmade,<«  and  additional  information  can  be  found  m  the 

cS-  ’  ftr"  aglycon  of  a  hydrolyzable 

anomeric  carbon  atom  mus  rnmhination  of  the  glycoside 

degree  the  other  asymmetric  carbon  atom  ^  glycosyl  radical 

with  the  enzyme  is  therefore  considered  to  take  place  at  tne  giy  j 

H.  Pringsheitn,  Z.  physiol.  ^^’..^TheEnzvmcB  Academic  Press,  New 

...  W.  W.  Pigman,  in  Sumner  and  Myrback,  The  Enzymes,  a 

York  1951,  Vol.  I,  Part  2,  p.  725. 

170  A  R  Trim,  Biochem.  J.  36,  1088  (1941).  nQ29') 

171  p’  Karrer  and  A.  Hofmann,  Helv.  Chim.Acta  12,  6  ( 

177  l’.  Zechmeister,  G.  T6th,  and  T^Enzymi,  Academic  Press,  New 

170  W.  H.  Fishman,  in  Sumner  and  Myrback,  The  Enzjmes, 

York,  1951,  Vol.  I,  Part  2  p.  769. 
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with  such  configurations  as  must  be  fixed.  The  general  reactions  of  the  disac- 
charidases  are  those  of  glycosidases;  however,  here  the  emphasis  will  be 
placed  on  their  role  in  hydrolyzing  disaccharides. 

a.  Maltase.  Maltase  is  a  general  a-D-glucosidase  occurring  widespread 
throughout  the  animal  and  plant  kingdoms. Its  physiological  substrates 
are  maltose  and  sucrose.  The  specificity  of  maltases  from  different  sources 
towards  the  aglycon  residue  of  a-D-glucosides  may  vary  a  great  deal.  For 
this  reason  there  has  been  considerable  controversy  over  the  hydrolysis  of 
sucrose  by  maltase.  Weidenhagen"^  maintains  that  all  a-D-glucosidic  link¬ 
ages  are  split  by  the  same  type  of  a-D-glucosidase  on  the  basis  that  his 


purified  maltase  from  yeast  hydrolyzes  maltose,  sucrose,  and  melezitose 
(3  -  [a  -  D  -  glucopyranosyl  -/3  -  D-fructofuranosyl]  -  a  -  d  -  glucopyranoside) .  It  is 
known,  how'ever,  that  maltases  from  many  other  sources  have  no  effect  on 
sucrose,  but  this  may  be  only  another  example  of  difference  in  specificity 
of  maltase  from  different  sources.  Since  Weidenhagen’s  preparations  were 
free  of  invertase,  it  does  appear  that  sucrose  can  be  split  by  an  enzyme  with 
specific  requirements  for  the  a-D-glucopyranose  residue.  This  is  further 
supported  by  the  fact  that  melezitose,  which  is  not  cleaved  by  invertase 
IS  ydrolyzed  by  WeidenhageiTs  yeast  maltase.  It  remains  to  be  seen 
whether  AVeidenhageiTs^^^  preparation  of  yeast  maltase  is  not  a  mixture  of 
maltases  with  varying  specificity  requirements. 

b.  Invertase.  Invertase  hydrolyzes  sucrose  to  yield  invert  sugar  an 
equimolar  mixture  of  glucose  and  fructose.  Sucrose,  the  only  ubiquitous 
non-i educing  disacchande,  has  two  glycosyl  radicals;  one  is  a-D^luco- 

bTS  Z  tl:  ofu-nosyl.  Conseq’uentiy  sucrosfra; 

be  cleaved  by  two  enzymes,  one  that  is  specific  for  a-D-glucopyranosides 

modern  name  is  ^-fructofuranosidase  Raffinose  1  fiT  n  i 
sy  )-a-D-glucoDvrann^vIl  f  ^  -t^amnose  (l-[6-(a;-D-galactopyrano- 

to  different  a  e^  S  ** 

hydrolyzed  to  yiiTd  fructJs  " nd^^^^^^  be 

will  not  catalyze  its  liydrolvsis  ghicoiiivertase,  which 

Neuberg  and  Mand  ■'»  An  rj 'i  i  “  by 

whereas  yeasts,  mdds  andfehir  7  T'®  Sbicoinvertase. 

mixture  of  both  iiivertai  '  '’■f-'mtofi.ranosidase  or  a 

York,  19S0,  Voi.  I.^Pwri'^  Academic  Press,  New 

Press,  New  York,  1950,  Vo’l.  I,  PartTp^  527^^'^*''*'''^’  Enzymes,  Academic 
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Invertase  has  generally  been  regarded  as  an  enzyme  purely  hydrolytic 
in  action.  Evidence  is  accumulating,  however,  for  the  role  of  invertase  as  a 
transglycosidase  because  of  the  appearance  of  several  oligosacchaiides  in 
invertase-sucrose  mixtures.'^®  • 

c.  jS-Glucosidase.  d-Glucosidase  is  present  in  many  higher  plants,  molds, 
yeasts,  and  animals.'*"  The  hydrolysis  of  ^-galactosides  such  as  lactose  may 
be  due  to  |S-glucosidase,  since  the  specificity  requirement  at  carbon  atom  4 
for  the  glycosyl  radical  of  substrates  may  be  relative. 

Other  enzymes  attacking  disaccharides  are  a-galactosidase,  a-mannosi- 

dase,  and  jS-mannosidase.*^’'^ 


V.  Nucleolytic  Enzymes 
1.  Depolymerization  of  Nucleic  Acids 
Nucleic  acids  are  polymerized  nucleotides  which  occur  associated  with 
basic  proteins  as  nucleoproteins.  Nucleotides,  as  they  are  isolated  from 
hvdrolyzates  of  nucleic  acids,  are  phosphoric  esters  of  nucleosides.  Nucleo¬ 
sides  are  ^-D-ribofuraiiosides  or  ;3-D-2-desoxyriboturanosides  “t  “ 

pyrimidines  linked  at  N,  or  N„  respectively.  Ribonucleic  acids  (RNA) 
occur  universally  and  contain,  as  nitrogenous  bases,  adenine,  guanine, 
cytosine  and  uracil.  Desoxyribonucleic  acids  (DNA)  occur  mainly  in  cell 
nuclei  aird  animal  viruses.  DNA  contain  the  same  nitrogenous  bases  as 
RNA  with  the  important  exception  that  uracil  is  replaced  by  thymine 
Samples  of  RNA  or  DNA  from  various  sources  differ  m  moleculai  weight 
and  in  the  proportions  of  the  four  nitrogenous  bases  they  contain 

RN  A  is  easily  hydrolyzed  to  mononucleotides  by  a  weak  so  utioii  o  a 
str!i  base  wU  chromatographed  on  an  ion-exchange  resin  the  hy^ 
drolysate  has  been  shown  to 

.1  liN.l  by  pbospbodiesMi...  V  large  PPaatitiee  of 

companying  f The  “backbone,”  then,  of  RNA  con- 
nucleotides  phosphorylated  at  Cs  •  .i  «  simile  phosphodiester 

.,,01.0.1*.  loipod  b;  *  ^ 

:  if  “  '”>■ 

181  L.  M.  White  and  G.  E.  Enzymes,  Academic  Press,  New  4ork, 

188  S.  Veibel,  in  Sumner  and  Myrback,  The  Enzjmes, 

1950,  Vol.  I,  Part  1,  p.  621.  „  q  190(1949). 
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that  a  considerable  degree  of  branching  may  occur.  Jordan^^^  interprets 
the  titration  data  on  RNA  to  indicate  that  1  of  every  4  phosphorus  atoms 
is  triply  bonded.  Therefore  1  in  every  4  is  monoesterified  and  the  other  2 
are  involved  in  diester  formation.  Methylation  experiments’*^  reveal  ratios 
of  ribose  to  monomethylribose  to  dimethylribose  of  such  an  order  that 
can  allow  a  branch  every  2.4  to  3.8  nucleotides  along  a  straight  chain. 
Branching  would  be  considered  to  take  place  by  a  phosphodiester  link  to 
the  position  (C2'  or  C3')  not  occupied  in  backbone  formation  on  the  back¬ 


bone  ribosyl  radical.  There  is  also  evidence  of  branching  occurring  at 
triply  esterified  phosphate  linkages  in  the  backbone.  At  present  there 
are  no  indications  concerning  the  exact  carbon  atoms  of  the  ribosyl  radical 
which  are  involved  in  the  diester  links  of  the  backbone.  It  is  assumed  by 
some  that  the  link  is  most  probably  from  C3'  to  Cs'  in  RNA,  because  if 
DNA  has  the  same  basic  structure,  involvement  of  C2^  is  eliminated. 


Nevertheless,  in  RNA  the  choice  between  C2'  and  C3'  is  available.  Even¬ 
tually  the  answer  to  this  may  be  found  in  a  study  of  the  monomethylribose 
arising  from  mild  methylation  and  subsequent  hydrolysis  of  RNA.’*^ 
The  ease  of  base  hydrolysis  of  RNA  is  attributed  to  the  pieliminary 
formation^  of  cyclic  2',3'-phosphotriesters  which  then  cleave  easily  at 
P— 0— C5',  since  the  phosphate  is  now  triply  bonded,  to  give  cyclic  nucleo- 
side-2',3'-phosphates.’*^“  On  further  hydrolysis  the  cyclic  nucleoside-2'  3'- 
phosphate  yields  a  mixture  of  nucleoside-2'  and  -3'  phosphates. 

DNA  IS  not  easily  hydrolyzed  to  nucleotides  by  acid  or  base  This  can 
now  be  explained  as  due  to  the  impossibility  of  forming  cyclic  triesters 
befoie  hydrolysis,  since  there  is  no  hydroxyl  group  on  Q'.  Likenise  C/  is 
not  available  for  internucleoside  links  in  DNA.  The  results  of  titrating 
NA  can  be  explained  by  the  dissociation  of  1  secondary  phosphoryl  group 
or  every  10  to  20  nucleotides  in  addition  to  the  amino  and  — NH— CO— 
issociations  of  the  purines  and  pyrimidines.  Thus  there  is  1  triester  and 
monoester  of  phosphoric  acid  in  10  to  20  diesters.'*"*  Branching  is  at  a 

Z'^ZTa  in  nucleoside-S'-phospLtes 

long!  sl4tlT  bt^hed  rain^'irre^f  C  '  n“  el^  vtZ'VT'  ^ 
other  by  a  phosphoester  bond  at  C/  linked  to  each 

The  molecular  weights  of  nucleic  acids  are  subject  to  numerous  errors 

I  n-r  - 

1952  ,  369.  ’  ■  ■  “  an,l  M.  V.  bock,  /.  Chem.  Soc. 

D.  M.  Brown  and  A.  R  Todd  f  Th  o 
_^_^Magath,  and  A.  R.  Todd',  D'  T 

E  Volkf^  ™  0952)- 

•  volkin,  J.  X.  Khym,  and  W  E  Cohn  T  a 

n,  /.  Am.  Chem.  Soc.  73,  1533  (1951). 
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one  of  which  can  result  from  degradation  during  isolation.  This  decom¬ 
position  may  occur  as  the  result  of  harsh  treatment  or  of  enzymes  accom¬ 
panying  the  nucleic  acids.  Contamination  by  degradative  enzymes  may 
also  account  for  some  of  the  large  differences  in  guanine  content  of  pancreas 
RNA  and  yeast  RNA.is^  Considerable  disagreement  exists  as  to  the  molecu¬ 
lar  weight  of  RNA  from  cells,  since  it  is  quite  probable  that  no  one  has  yet 
obtained  an  intact  molecule.  Desreux’s'*®  value  of  50,000  is  the  highest 
recorded,  but  RNA  from  tobacco  mosaic  virus^*^  has  a  molecular  weight 
of  about  10^  DNA  tends  to  aggregate  in  solution  ly  comparatively  weak 
bonds,  and  thus  molecular  weights  have  little  meaning.  Doty  and  Bunce 
found  values  of  4.0,  6.7,  and  4.0  X  10®  for  molecular  weights  of  3  different 
samples  of  DNA.  In  general,  preparations  of  DNA  show  the  physica 

oroperties  of  rod-like  particles  about  6000  A  long. 

The  sequence  of  the  four  kinds  of  nucleotides  that  go  to  make  up  a  nucleic 
acid  is  unknown.  The  molar  proportions  of  the  nitrogenous  bases  piesen 

in  nucleic  acid  are  varied,  and  even  a  statistical 
DN  \  more  than  RNA,  approaches  but  does  not  reach  equimolar 
ot  nitrogenous  bases,  Astbury'“  believes  that  the  fiber  diagram  of  thym 
DN\  sLws  that  there  is  a  definite  order  to  the  four  nucleotides,  at  least 
™he  more  aystalline  parts  of  the  structure.  This  is  about  the  only  evi¬ 
dence  for  an  orderly  arrangement.  The  high  molecular 
acids  and  the  possibilities  of  altenng  polymlrfcan 

nucleotides  lead  to  numerous  !»mers.  Thu  polysaccharides, 

bear  a  degree  of  specificity  similar  to  tha  P  V,v  ATcCartv*®'* 

The  transforming  ftrspecifidty  exhibited  by  this 

:: iTe  ttm  A  ™d  h^ uch!=L  protein^  in  niiCeoprotein 

of  nucleic  acid  structure  are  available.- 

“a:Rlnuclease.  Riboniiclease  cleaves  specifically  ribonucleic  acid  into 

...  J.  E.  Bacher  and  F.  W.  Allen,  J.  641  (1950). 

...  V.  Desreux,  FraM.  ciem.  144.  689  (1942). 

188  p.  Doty  and  B.  II.  Bunce,  y 

189  w.  T.  Astbury,  Srjmposia  Soc.  ^ 

...  M.  McCarty,  «“f.  p“li“  'yL.  PhyM.  30.  117  (1946). 

1*1  A.  E.  Mirsky  and  A.  W.  rollis  ,  -.qo  ng45). 

...  R.  S.  Tipson,  Advances  inCarbohy  rae 

...  J.  N.  Davidson,  The  Biochem.stry  ot  the  Nude. 

New  York,  1950.  (1949). 

i»<  F.  Schlenk,  Advances  in  Enzymol.  , 
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smaller  molecules  with  no  release  of  free  inorganic  phosphate.  Kunitz’®® 
obtained  crystalline  riboniiclease  from  beef  pancreas;  McDonald^®®  achieved 
a  preparation  free  from  contaminating  proteolytic  enzymes.  The  properties 
of  crystalline  riboniiclease  have  been  reviewed. ^®^ 


The  action  of  ribonuclease  on  RNA  is  not  clear.  Free  acid  groups  are 

formed  without  the  liberation  of  inorganic  phosphate.  Some  of  the  split 

products  are  diffusible  through  collodion  membranes  and  probably  contain 

all  four  nitrogenous  bases  although  it  is  unlikely  that  all  are  free  mono- 

nucleotides.i®®  When  yeast  RNA  is  used  as  the  substrate,  the  diffusible 

products  aie  heterogeneous  but  show  a  lower  purine/pyrimidine  ratio 

than  the  substrate.'®®  Schmidt  and  his  associates®®®  -  ®®'  •  2®®  have  developed 

a  procedure  for  the  measurement  specifically  of  free  mononucleotides  by 

analysis  of  the  inorganic  phosphate  released  by  the  action  of  prostatic 

phosphatase.  They  find  that  the  action  of  ribonuclease  on  yeast  RNA 

releases,  mainly  as  pyrimidine  mononucleotides,  about  half  of  the  total 

phosphorus.  The  purines  are  retained  in  a  higher  molecular  weight  fraction 

precipitatable  by  uranium  salts.  They  visualize  the  sequence  of  nucleotides 

111  yeast  RNA  to  involve  regions  of  two  to  three  pyrimidine  nucleotides  in 

succession  the  mternucleotide  linkages  of  which  are  cleaved  by  ribonu- 

c  ease  y  another  analytical  technique  Schmidt’s  experimental  results 
have  been  confirmed.®®® 


Despite  large  excesses  of  the  enzyme  there  is  always  left  a  large  molecular 
weight,  apparently  non-diftusible  residue  amounting  to  15  to  50%  of  the 
mitia  substrate.  The  variation  in  the  residual  fraction,  which  can  be  cahed 

clease.  Their  conclusions  nrp  cn  u  +  •  -i  ^  action  of  ribonu- 

associates®*  and  are  as  follo\re''"T!-h  Schmidt  and  his 

■••M  Ku  -1  ,  r  R'bonuclease  specifically  catalyzes  the 

no,  759  (19«).  ’  “<1  S-  J.  Thannhauser,  J,  Biol.  Chem. 

S.  J.  Thana. 

»■  "  '■  c, 
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hydrolysis  of  secondary  phosphate  esters  of  pyrimidine  ribonucleoside-3  - 
phosphates.  An  Hi's  A  chain  consists  of  nucleotides  linked  as  previously 
described,  but  so  arranged  that  there  are  regions  of  up  to  about  five  purine 
or  pyrimidine  nucleosides  in  succession.  Treatment  with  ribonuclease  liber¬ 
ates,  as  cyclic  mononucleotides,  all  pyrimidiire  nucleosides  bonded  3  -5 
to  a  purine  or  pyrimidine  nucleoside  and  5^-3^  to  another  pyrimidine  rrucleo- 
side.  Resistant  to  ribonuclease  are  bonds  between  purine  nucleotides, 
purine  nucleotide-3'-pyrimidine  nucleotide-5'-links,  and  cyclic  purine  nu¬ 
cleotides.  Consequently  a  limit  polynucleotide  will  consist  of  purrne  nucleo¬ 
tides  with  always  one  terminal  pyrimidine  nucleotide  linked  by  Cs'  to  the 
purine  nucleotides  and  having  a  monoesterrfied  phosphate  group  at  C3  • 
The  pyrimidine  cyclic  mononucleotides  liberated  are  further  attacked  by 
the  enzyme  to  yield  only  the  3'-nucleoside  phosphate.^  The  limit  of 
ribonuclease  action  will  depend  on  the  number  of  purine  nucleotides  in  the 
RNA  The  size  of  the  limit  polynucleotides  mil  depend  on  the  number  of 
purine  nucleotides  linked  to  each  other  in  any  region  of  the  chain  Thereby 
it  becomes  unnecessary  to  postulate  any  type  of  branching  of  RNA  to 

exolairi  the  action  of  ribonuclease. 

b.  Desoxyribonuclease.  Desoxyribonuclease  from  l)eef  pancreas  was  ciys- 

tallized  by  Kunitz.^oe  He  believes  that  the  molecular  weight  ® 

of  desoxyribonuclease  action  approach  that  of  tetranucleotides.  n  le 

other  hand  Overend  and  Webb^^^  have  concluded  that  the  products  aie 
otnei  n  ,  and  like  the  non-ditfusible  fraction 

heterogeneous  m  moleculai  weight  ana,  11 

u  1  mixtures  the  non-d  ffusible  fraction  of  DAA  aftei 

to  be  common  among  diverse  cells. 

203  c.  E.  Carter  and  W.  E.  Cohn,  52  ^552^558^^565  (1952). 

204  H.  Markham  and  J.  D.  Smith,  Todd,  J.’chem.  Soc.  1952,  2715;  J.  X. 

205  D.  M.  Brown,  C.  A.  Dekker,  am  .  _  ^  1262 

Khym,  D.  G.  Doherty,  E.  Volkin,  and  W.  L.  Go.m, 

M®  miitz.  J.  Gen.  rkyeiol.  33.  349  (19M). 

i»iM.  Kanitz,  Soc.  1960  ,  2746. 

:::  "  ;?6.‘'(S,. 
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2.  Nucleotidases 


The  two  hydrolyzable  bonds  in  nucleotides  are  the  N-ribosidic  link  and 
the  phosphoester  link  at  C3'  or  at  Ce'  in  muscle  adenylic  acid.  Repeated 
work  has  shown  that  phosphatases  can  split  the  phosphate  from  free  nucleo¬ 
tides.  It  is  a  controversial  issue,  however,  whether  there  exist  phosphatases 
which  can  cleave  free  phosphate  from  nucleic  acids  without  the  ])re- 
liminary  intervention  of  a  depolymerizing  enzyme. 

Nucleotide-N-ribosidase  is  discussed  by  Schlenk  (ref.  194,  p.  508).  There 
is  doubt  that  the  ribosidic  bond  of  nucleotides  can  be  enzymatically  hy¬ 
drolyzed. 


3.  Nucleosidases 

Enzymes  that  catalyze  the  hydrolysis  of  the  ribosidic  linkage  in  nucleo¬ 
sides  have  been  frequently  described  as  enzymes  requiring  phosphate  ion 
for  activation.  The  discovery  by  Kalckar^'s  of  purine  nucleoside  phos- 
phorylase  has  made  a  reinvestigation  of  nucleosidases  necessary.  At  present 
It  IS  apparent  that  many  of  the  so-called  nucleosidases  are  indeed  phos- 
phorylases.  An  exception  to  this,  however,  is  the  uridine  nucleosidase  from 
yeast,  partially  purified  by  Carter.^^^  Here  the  phosphorolytic  mechanism 
does  not  operate,  and  the  products,  uracil  and  ribose,  arise  by  simple 
hydio  ysis  of  the  nucleoside.  There  is  no  reason  to  think  that  more  of  such 
yc  ro  y  ic  nucleosidases  will  not  be  discovered.  Even  if  it  is  not  likely  that 
a  new  nbosidic  link  can  be  synthesized  by  this  type  of  enzyme  one  might 
speculate  that  it  functions  in  the  synthesis  of  some  nucleosicL  by  a  process 
transglycosidation  m  which  phosphate  is  not  involved : 

Adenine  -f-  uridine  — »  Adenosine  -f  uracil 

VI.  The  Chemical  Process  of  Digestion 

are  comparatively  unknown  ^  "frvous  factors 

piocess  of  digestion  is  necessarilv  diir!'"M  mechanical 

particulate  nutrients  into  rnntn  t  'ti""*  l®t‘hanical  processes  bring 
controlled  by  ™s  a,^  h"  "  ‘  ''  Web  is 

trophic  organisms,  however  is  the  I'etero- 

r;:?i 

Which  are  absorbed  and  assimilaied, 

Schmidt,  R,  Cubiles  and  ^  t  t*!  u 

2,3  12,  161  (1947).  '  ■  '''''''  Harbor  Symposia 

C  ■  E  ^feration  Proc.  4.  248  (1945) 

C.  E.  Carter,  Am..Chem.  Soc.  73,  1508  (1950). 
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poration  of  material  into  cellular  substance  which  can  be  active,  or  reserve 
metabolites.  Fats  are  at  least  partially  hydrolyzed  to  yield  stable  emulsions 
in  the  presence  of  bile  salts  at  pH  5  to  8.  In  this  discussion  the  part  of 
nucleic  acids  is  minimized  because  little  is  known  about  the  extent  to  which 
they  are  catabolized.  Digestion,  then,  is  a  hydrolytic  process  by  which 
exogenous  metabolites  lose  their  specificity  and  become  available  for  con¬ 
version  by  any  cell. 

The  properties  of  each  polysaccharide  and  protein  depend  on  its  source. 
These  properties,  both  chemical  and  physical,  reflect  the  nature,  the  order, 
and  the  mode  of  linkage  of  the  respective  monosaccharides  and  ammo  acids. 
The  digestive  process  reduces  the  legion  properties  of  these  polymeis  to 
those  of  their  comparatively  simple  components.  Thus,  gluten  from  wheat 
and  casein  from  milk,  each  having  specific  properties,  are 
practically  the  same  amino  acids  which  in  turn  can  be  recondensed  by  the 
cell  to  form  its  own  specific  protein.  The  specificity  of  polysaccharides  and 
proteins  are  further  attested  by  their  ability  to  act  as  antigens;  simple 
monosaccharides,  amino  acids,  or  polypeptides  have  no  antigenic  propei- 
ties.  It  is  noteworthy  that  triglycerides,  which  may  he  only  partia  ly 
hydrolyzed,  have  limits  to  their  specificity.  It  is  well  kiioivn  that 
Charactoistic  of  a  species  may  be  substituted  for  by  fat  that 

teristic  it  fatty  acids  normally  available  to  the  amma  aieui  e  an 

"e;  radicaiiy  changed.  Moreover,  triglycerides  have  not  been  found  to 

s— b^ar* -Ze  t‘o  form  a  polysaccharide  according 
to  the  following  equation: 

Maltose  Polysaccharide  +  glucose 

During  this  process  glucose  does  not 

the  failure  of  the  organism  to  ^J^^^tpCphate.Zlh  is  prob- 

is  ^  Zbden-Meyerhof  pathway.  No  information  is 

ably  fermented  by  the  Emb  1  y  traiisgliicosi- 

available  concerning  the  late  oi  m  « 

m  c.  Hevesy  and  0.  l!‘potter,  and  J.  Lederberg, 

216  M.  Doudoroff,  W.  A.  Hassia, 

J.  Biol.  Chem.  179,  921  (1949). 
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dase  reaction,  but  hexokinase  is  known  to  be  absent.  This  stiidy^*®  serves 
to  show  that  the  monomeric  type  as  the  product  of  hydrolysis  is  not  always 
the  required  metabolite.  Why  exogenous  glucose  is  not  available  to  the 
cell,  whereas  endogenous  free  glucose  appears  to  be  available,  is  not  ap¬ 
parent. 

The  site  of  digestion  varies.  Some  unicellular  organisms  secrete  digestive 


enzymes  into  a  food  vacuole  in  which  a  food  particle  is  trapped.  Organisms 
with  no  mechanism  for  trapping  particulate  food  must  rely  on  dissolved 
nutrients  and  are  therefore  called  compulsory  osmotrophs.^'^  Bacteria  fit 
into  this  category.  Some  osmotrophs  secrete  enzymes  into  the  medium  in 
which  they  live  in  order,  presumably,  to  solubilize  the  insoluble  nutrients 
m  the  medium.  Thus,  digestion  has  been  considered  to  take  place  intra- 
cellularly  in  the  phagotrophs  and  extracellularly  in  the  osmotrophs.  It  is 
debatable  whether  a  food  vacuole  is  really  of  the  internal  environment  of 
the  cell.  It  is  more  likely  to  be  a  piece  of  the  external  environment  tem¬ 
porarily  isolated  by  the  cell  which  prevents  the  diffusion  of  its  digestive 
effort.  The  question  of  intracellular  versus  extracellular  digestion  is  more  a 
question  of  whether  or  not  a  phagocytic  mechanism  is  involved.218 


Penicillium  chrysogenum  produces  an  adaotive  nectinas^^  m  if. 


Z.  physiol.  Chem.  228,  235  (1934). 
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peptidases  has  been  done  on  the  peptidases  of  tlie  mucosal  cells  rather  than 
of  the  intestinal  juice  itself.  Some  of  the  peptides  absorbed  by  the  mucosal 
cells  may  be  hydrolyzed  in  those  cells  before  entering  the  portal  circulation. 

The  extent  of  digestion  of  triglycerides  in  the  intestine  of  the  mammal  is 
a  controversial  subject.^-'  Frazer^^“  asserts  that  the  hydrolytic  activity  of 
lipase  in  the  small  intestine  is  not  great  enough  to  account  for  complete 
hydrolysis  of  all  the  triglycerides  absorbed.  At  the  hydrogen  ion  concen¬ 
trations  in  the  intestine,  stable  emulsions  of  triglycerides  with  a  particle 
size  of  0.5  M  or  less  can  be  formed,  providing  there  is  present  at  the  same 
time  a  mixture  of  bile  salts,  fatty  acids,  and  monoglycerides.  The  function 
of  lipase,  therefore,  is  to  provide  some  fatty  acids  and  monoglycerides  from 
the  hydrolysis  of  part  of  the  triglycerides.  Particles  of  neutral  fat  O.o  m 
in  diameter  are  capable,  according  to  Frazer,^^^  of  being  absorbed  liy 
mucosal  cells.  Verzar,^^!  •  2^3  on  the  other  hand,  maintains  that  all  the  ab¬ 
sorbed  triglycerides  were  hydrolyzed  completely  by  pancreatic  lipase. 

VII.  Amidases 

1.  Arginase 

The  commonest  enzymatic  reaction  known  which  produces  urea  is  the 
hydrolysis  of  arginine  catalyzed  l>y  the  enzyme  arginase.  Ornithine,  the 
oSei  wmhict  of  arginase  action,  is  converted  to  argnnne  by  a  series  of 
reactions  the  Krebs-Henseleit  cycle,  involving  citriillme  as  an  iiitei  medi¬ 
ate  Arginase  is  present  in  the  livers  of  all  ureotel.c  animals  but  absent 
from  those  of  uricotelic  animals.  The  foregoing  statement,  knonn  as 

li,ementi.s.tde.h^^^^^^^^^^^^^ 

‘.fuanti^  of 'arginase  as  well  as  ‘^e.^nzyme  system 

-,,,227  228  which  niRV  bc  associated  with  then  consinuuunci  ,  ^ 

uremiif:  The  Kfl^lnenseleit  cycle  has  not  been  investigated  in  selachian 

'"Arginase  has  not  yet  been  crystallized.  The  arginase  crystals  of  Bach- 
221  F.  Verzdr,  Arch.  sci.  physiol.  2,  43  (1948). 

:::  ^  McS.,  t^ptloa  hon.  tl.e  intestines,  Loi..i«iins, 

Green  and  Co-,  London  IW  Metabolism,  The  Johns  Hop- 

...  s.  Ratner,  ,n  McElroy  and  Glass  ^ 

kins  Press,  Baltimore,  WSb  y<>L  L  P,  •  (,535) 

...  E.  Baldwin,  Biol.  Revs  Cambr.doe  ^  69.  371  (1924). 

...  J.  L.  Bollman,  F.  C.  '''y""' Soc.  [London)  B97  .  227  (1924). 

...  A.  Hunter,  and  J.  A.  Oauphinee 

...  A.  Hunter,  J.  Biol.  Chem.  81,  506  (1929). 

229  S.  J-  Bach,  Nature  168,  376  (1948). 
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have  been  shown  to  be  controvertible.^^'’  Purified  preparations  are  highly 
specific  for  L-arginine.  The  presence  of  a  free  amino  group  is  not  essential 
for  arginase  activity,  and  such  compounds  as  octopine^*'  and  arginic  acid 
are  degraded  to  urea.  The  guanidine  and  carbo.xyl  group  must  both  be 
free.  Richards  and  Hellerman,’^^  however,  report  that  agmatine  is  hy¬ 
drolyzed.  Canavanine  is  also  split  to  yield  urea.^^^ 

The  course  of  enzymatic  hydrolysis  of  arginine  has  been  found  to  follow 
Michaelis-Menten  kinetics.'’^'*  Competitive  inhibition  of  arginase  is  effected 
by  ornithine  and  lysine,  but  most  other  a-amino  acids  inhibit  non-com- 
petitively.235  Arginase  is  activated  by  Co++,  Mn++,  or  Ni++.  The  charac¬ 
teristics  of  this  activation  has  led  Ilellerman^^®  to  propose  that  the  role  of 
the  activating  ion  is  to  form  coordinate  bonds  with  both  substrate  and 

enzyme.  Smith’'*^  has  proposed  a  similar  mechanism  operating  in  metal- 
activated  peptidases. 


•j.  Glut.xminase  .XND  Asparagin.xse 

The  enzymatic  hydrolysis  of  these  important  co-amides  of  glutamic  and 
aspartic  acids  is  widespread  in  organisms.  These  enzymes  have  been  re¬ 
viewed  by  Zittle,237  and  little  more  can  be  added  here.^ Except  in  the  renal 
production  of  urinary  ammonia^3s  ^he  hydrolytic  cleavage  of  glutamine  is 
probably  an  unimportant  reaction,  since  uncoupled  hydrolysis  of  these 
amides  would  involve  a  considerable  loss  of  free  energy  as  heat. 

Protein  breakdown  in  seedlings  and  leaves  in  the  absence  of  light  is  accompanied 

of  these  Z “it  r/dttlheTe’  “ 

likely  that  it  proceeds  according  to  «  m  ^  hydrolysis,  but  rather  it  is 

sine  triphosphate  >'6.  ContinneU  P^'^’sphorylation  by  adeno- 

of  ammonia  in  the  plant  due  o X  L 'f  ^  accumulation 

or  leaf  is  exposed  to  r.ht  nrotei  '.^  f^^^^^  f  I"'  ^he  seedling 

appearance  of  the  amidey^  Whether  theTmirr  concommitant  dis- 

tion  is  not  known.  The  syntlsL  of  amir,  important  in  this  transforma- 

possibly  occur  without  the  intermediarv  f  glutamine  or  asparagine  may 

radation  of  asparaginrand  glutlm^  of  ammonia.  The  hydrolytic  deg- 

tion  in  plants.  ’  ®®®ms  to  be  a  sign  of  acute  starva- 

^32  M  M  m-  f  26.  129  (1937). 

ivi.  M.  Richards  and  L.  Hellermm  T 

”•  M.  Damodaran  and  K  G  A  7  '  '’“'■y'"'""-  W4,  237  (1940). 

D.  M.  GreonberK  and  M  S Moh.  7T7’  f  I-W9  (1940). 

A.  Hunter  and  f.  H.  Downs  Y  S'  <>»«)■ 

C.  Hellernran.  427  (1940). 

Aeade^lo  Press,  New 

A  Y  ’^'’iSl  (1945) 

Haven.  .93^  '  Want,  Yale  University  Press.  New 
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3.  Urease 

Urease  catalyzes  the  hydrolysis  of  urea  to  yield  carbon  dioxide  and  am¬ 
monia.  Urease  activity  is  common  in  higher  plants,  bacteria,  and  molds 
but  is  of  limited  distribution  in  animals.^*  In  no  case  has  ureolytic  activity 
been  reported  in  the  liver  of  vertebrates,  although  urea  may  be  hydrolyzed 
by  gastric  mucosa  and  erythrocytes.  Since  urease  was  the  first  enzyme  to  be 
isolated  in  crystalline  form,^"*®  it  has  been  the  object  of  considerable  study. 

Although  the  jack  bean  {Canavalia  ensiformis)  contains  arginase,^*^  there 
is  no  evidence,  as  there  is  for  N euros'pora^^^^  for  the  operation  of  the  Krebs- 
Henseleit  cycle  in  higher  plants.  There  exists  simultaneously  in  the  jack 
bean  free  canavanine^^'“  and  the  enzymes,  arginase^**  and  urease,  vhich 
have  the  power  to  hydrolyze  it  to  canaline,  ammonia,  and  carbon  dioxide. 
Furthermore,  both  urea  and  urease  have  been  found  to  coexist  in  several 
plants.-^^  The  raison  d'Hre  of  an  unemployed  enzyme  can  be  a  source  of  en¬ 
joyable  speculation,  but  to  postulate  that  it  exists  to  prevent  the  accumula¬ 
tion  of  its  substrate  if  ever  the  substrate  should  appear  on  the  scene  is  to 
beg  the  question.  Urease  may  be  an  exceedingly  important  link  in  the 
nitrogen  cycle  whereby  animal  excreta  is  transformed  to  ammonia  and 
made  available  for  protein  synthesis  by  aiitotrophs.^^  The*synthesis  o 
urea  from  the  amino  nitrogen  of  amino  acids  is  an  endergomc 
quiring,  in  animals,  the  participation  of  adenosine  triphosphate.  If  urea 
ill  plants  arises  by  the  same  mechanism,  its  hydrolysis  by  urease  would 

“XTaC’'exce!^’of  substrate  inhibits  the  action  of  uie^e.  This  mhibition 
is  interpreted  by  assuming  that  there  are  two  neighboring  sites  on  the 
:„:;me  -  for  mea  and  L  for  water.  If ‘^ition  occurs  when  urea  .s  m 
such  excess  that  it  occupies  the  water  site  as  well.'  It  is  ofjompellmg 
interest  that  phosphate  inhibits  urease  activity  competitive  y. 

T^prelc^o^.rease  in  several  ammonotelic  invertebrates  has  b^n 
shown  Ty  many  investigators.-  In  these  animals  urea  arises  from  the 

degradation  of  purines. 

4.  De.\minasbs  of  Purines.  Pyrimidines,  Nucleosides,  .and 

Nucleotides 

T..  I 

purines  to  oxypurines  and  ammonia.  i 

240  j.  B.  Sumner,  J .  Biol.  Chem.69,  ^54  i29  (1944). 

...  A.  M  Srb  and  N  f  f  Acad.  (Tokyo)  6.  3S0  (1929). 

241a  M.  Kitagawa  and  T. 

::  ?.-B.Tumn"G.  "ers,'  Chemistry  and  Methods  of  Enaymes.  2nd  ed., 
Academic  Press,  New  York,  P  477  goi  (1949). 
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deamination  may  occur  when  the  purine  is  free  or  bound  in  nucleosides  and 
nucleotides.  Each  substrate,  however,  appears  to  be  hydrolyzed  by  a 
separate  enzyme.  Little  is  known  concerning  pyrimidine  catabolism  except 
for  the  enzyme,  cytosine  deaminase,  in  Escherichia  coli  and  yeast.^^® 

The  free  amino  purines,  guanine  and  adenine,  are  hydrolyzed  by  guanase 
and  adenase  to  xanthine  and  hypoxanthine,  respectively.  Adenase  is  of 
limited  distribution  compared  to  guanase,  but  the  role  of  either  enzyme  is 
unknown  since  deamination  of  the  purine  can  also  occur  while  it  is  in 
riboside  linkage.  The  pig,  which  can  suffer  from  guanine  gout,  is  one  of  the 
few  animals  that  has  no  hepatic  guanase.^^^  Nevertheless,  the  deamination 
of  guanosine  and  guanylic  acid  may  occur. 

Evidence  exists  for  specific  enzymes  which  will  deaminate  3-adenylic 
acid,  5-adenylic  acid,  guanylic  acid,  adenosine,  guanosine,  and  cytidine.^^® 
Little  is  known  concerning  their  distribution. 


5.  Histidase 


Edlbacher^^®  has  shown  that  the  enzymatic  hydrolysis  of  histidine  pro¬ 
ceeds  according  to  the  following  equation: 

HC— C— CH2— CH— COOH  +  4H2O  ^ 

I  I  1 

N  NH  NH2 

\  / 

C 

H 


HOOC— CH2— CH2— CH— COOH  -1-  2NH3  -f-  HCOOH 

NH2 

Histidase  has  been  found  in  the  livers  of  many  vertebrates  but  has  not 
been  isolated  in  pure  form.  (cf.  vol.  I  p.  169  ff.) 


6.  Allantoinase  and  Allantoicase 

Ihe  degradation  of  purines  in  ammonotelic  animals  and  in  some  ureo- 
telic  animals  proceeds  to  ammonia  and  urea,  respectively.  The  oxypurines 
hypoxanthine  and  xanthine,  are  oxidized  to  uric  acid  which  is  in  turn  oxi- 
ized,  under  the  influence  of  uricase,  to  allantoin.  Hydrolysis  of  allantoin 
proceeds  m  two  stages  to  yield  allantoic  acid,  and  finally  urea  and  giv 

s:.“u 

::  t  sri  r.ll'S., 

M.  Laskowski,  tn  Sumner  and  Myrback  Thp  F’n^xrTvx  a  j  • 

York,  1951,  Vol.  I,  Part  2,  p.  956  ’  Enzymes,  Academic  Press,  New 

S.  Edlbacher,  Ergeb.  Enzymforsch.  9,  131  (1943). 
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NH, 


C=0  CO— NH 


CO 


+H2O 


NH- 


-CH— NH 

Allantoin 


NH2 

1 

c=o 

1 

NH - 


NH2 

1 

coon  c=o 


NH2 


COOH 


+H20 


-CH- 


-NH 


^  2C=0  +  C=0 

1  H 

NH2 


Allantoic  acid 


A  comprehensive  review  of  these  enzymes  has  been  presented  by  Przylecki 
and  Truszkowski.^^®  Since  no  pure  preparations  of  these  enzymes  are 
available,  little  is  known  about  them.  Their  distribution  is  discussed  by 
Florkin  and  Duchateau.^'*^ 

VIIL  Nitrogen  Excretion 

The  main  nitrogenous  end  products  of  protein  metabolism  are  amino 
acids,  ammonia,  ui'ic  acid,  and  urea.  Much  has  been  written  concerning 
the  excretion  of  these  substances  by  various  animals  and  the  relationship 
this  bears  to  their  evolution,  habitat,  and  mode  of  reproduction.^^i-^^e  The 
excretion  of  guanine  by  spiders^”^  and  trimethylamine  oxide  by  marine 
teleosts^^*  are  important  exceptions.  Guanine  deposited  in  fish  scales  and 
pterines  in  butterfly  pigments  might  also  be  regarded  as  excretory  products 
if  one  were  also  to  consider  as  such  the  keratin  of  mammalian  hair. 

The  origin  of  trimethylamine  oxide  in  marine  teleosts  is  open  to  serious 
ciuestion.  The  experiments  of  Benoit  and  Norris^^^  indicate  strongly  that 
trimethylamine  oxide  is  of  dietary  origin.  Fingerling  Chinook  salmon 
(Oncorhynchus  tschawytscha)  born  in  fresh  water  contain  little  or  no  tri¬ 
methylamine  oxide,  but  their  marine  parents  have  about  8  micromoles  per 
gram  of  muscle.  Fingerlings  were  kept  on  a  diet  of  liver,  free  from  trimethyl¬ 
amine  oxide,  for  about  6  weeks  during  which  the  salinity  of  their  mec  iiim 
was  raised  gradually  to  correspond  with  the  changes  that  would  normally 
occur  in  their  run  to  the  sea.  .\t  the  end  of  this  period  the  fish  ueie  liMiig 

»•  S  J  von  Przylecki  and  R.  Truszkowski.  in  Bamnnn  and  Myrback  Die  Metho- 
den  der  Fermentforschnng.  Vol.  Ill,  Thieme.  Leipzig,  1041;  Academic  I  reas, 

1.1  ,L  NeIdtam,''mo;henrtry  and  Morphogenesis,  Cambridge  University  Press, 

...  “wrn,' An' Introduction  to  Comparative  Biochemistry.  3rd  ed.,  Cam- 

bridge  University  Press,  Cambridge,  1948. 

luM.  Florkin,  L-Uvolution  Desoer  Liege  9  . 

»><  C.  Heidermanns,  NalurwissemchafUn,  26, 

...  E.  I.  B.  Dresel  and  V.  Moyle,  J.  Expll.  27, 210  (1050). 

J58  Y  Moyle,  Biochem.  J.  44,  581  (1949). 

2”  K.  Vajropala,  Nature  136,  145  (1935). 

26*  A.  Grollman,  J .  Biol.  Chem.  81,  267  B929).  (1945) 

...  G.  J.  Benoit,  Jr.  and  E.  11.  Norris,  J.  B.ol  Chem.  168,  439  (1045). 
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ill  salt  water  and,  but  for  their  diet,  were  marine.  Analysis  of  their  muscle 
during  all  this  time  showed  it  to  contain  the  same  negligible  amount  of  tri- 
methylamine  oxide  that  was  present  in  the  fingerlings.  But  when  scallop 
muscle,  which  contains  large  (luantities  of  trimethylamine  oxide,  composed 
half  of  their  diet,  the  trimethylamine  oxide  content  ol  the  salmons’  muscle 
rose  to  values  of  wild  adult  fish.  Shewan^®°  has  assembled  data  from  various 
sources  concerning  the  content  of  trimethylamine  oxide  in  fish  and  other 
animals  living  in  various  fresh  water  and  marine  environments.  Several 
fresh-water  teleosts  contain  greater  ciuantities  of  the  oxide  than  do  a  few 
of  the  marine  teleosts.  Though  the  work  cited  above  has  been  done  on  the 
trimethylamine  oxide  content  of  fish  muscle  rather  than  urine,  it  definitely 
suggests  that  trimethylamine  oxide  in  fish  is  exogenous  and  does  not 
represent  a  nitrogenous  end  product  of  protein  metabolism  in  these  animals. 

Furthermore,  it  is  at  least  of  teleological  interest  to  consider  the  efficiency 
of  nitrogenous  end  products.  In  the  order  of  decreasing  nitrogen  content, 
they  are  ammonia  (82%  N),  urea  (47%  N),  and  uric  acid  (33%  N).  Tri¬ 
methylamine  oxide  contains  19%  nitrogen.  Germane  to  this  discussion  is 
the  possibility  that  the  methyl  groups  in  trimethylamine  oxide  may  be 
“labile”  methyl  groups  necessary  to  the  metabolic  economy  of  many 
animals.^®^  A  wholesale  synthesis  and  excretion  of  trimethylamine  oxide 
would  serve  more  effectively  to  deplete  the  fish  of  methyl  groups  rather 
than  nitrogen. 

1  he  end  products  of  purine  metabolism  are  uric  acid  in  primates  and 
uiicotelic  animals,  allantoin  in  mammals  other  than  primates,  urea  in  the 
rest  of  the  ureotelic  animals,  and  ammonia  in  many  of  the  ammonotelic 
animals. 


IX.  Phosphatases 

4  he  phosphatases  may  be  considered  as  a  special  type  of  esterase  whicli 
catalyzes  the  hydrolysis  of  esters  (or  anhydrides)  of  phosphoric  acid.  Com¬ 
mon  natural  substrates  for  these  enzymes  include  nucleotides,  inorganic 
and  organic  pyrophosphate  linkages,  sugar  phosphates,  phytic  acid,  and 

pyrophosphatase  from 

y  s  ,  no  phosphatase  has  been  obtained  in  crystalline  form.  Phosphatases 

pH  for  hvd^  r  77^*7  l.ydrolyzed,  the  optimum 

p  01  hyd  olysis,  and  the  characteristics  of  activation  by  cations  Authors 

Often  do  not  take  pains  to  test  tl,e  specificity  of  their  crude  enzyme  prepara- 

iis  and  tlius  a  bewildering  legion  of  phosphatases  has  been  describech  No 

M.  Knmliy°aeT PhysM.  M.Ti  0952).^' 
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attempt  will  be  made  here  to  dwell  on  this  aspect,  since  many  good  reviews 
on  the  subject  are  available.^®  - 

The  hydrolysis  of  organic  phosphates  in  cellular  metabolism  can  be  a 
prelude  to  the  utilization  of  the  phosphate,  as  in  calcification,  or  the  or¬ 
ganic  part,  as  in  glucose  transport.  The  hydrolysis  of  glucose-6-phosphate 
to  produce  blood  glucose  takes  place  in  the  liver  catalyzed  by  what  may  be 
a  specific  phosphatase.^®®  •  For  every  organic  phosphate  found  to  form 
in  the  course  of  intermediary  metabolism  there  is  probably  some  phospha¬ 
tase  which  will  hydrolyze  it.  Whether  this  hydrolysis  proceeds  seems  to 
depend  on  cellular  organization  and  the  concentration  of  orthophosphate, 
phosphate  ester,  phosphatase,  and  hydrogen  ion.  Many  phosphatases  are 
inhibited  competitively  by  orthophosphate.  Activation  by  magnesium  ion 
or  other  divalent  cations  frequently  occurs  and  may  be  used  as  a  means  for 
differentiating  prostatic  phosphatase  from  erythrocyte  phosphatase,  both 
of  which  have  optimal  activity  in  the  acid  range  pH  5  to  6. 

The  hydrolysis  of  glucose- 1 -phosphate  by  acid,  prostatic  acid  phospha¬ 
tase,  and  intestinal  alkaline  phosphatase  has  been  studied  by  CohiF®®  who 
used  H20^®  in  the  medium.  Her  fundamental  work  has  shown  that  upon 
acid  hydrolysis  the  C — O  bond  in  glucose- 1 -phosphate  is  ruptined,  but  on 
enzymatic  hydrolysis  it  is  the  O— P  bond  that  is  cleaved.  In  the  first  case 
no  0^®  was  detected  in  the  inorganic  phosphate  formed,  but  in  the  second 

case  the  was  taken  up.  1  u 

The  reversibility  of  the  hydrolysis  catalyzed  by  phosphatase  has  been 

demonstrated  on  many  occasions  by  the  synthesis  of  various  organic  phos¬ 
phates  and  inorganic  pyrophosphate.  In  the  face  of  a  high  concentration  o 
water,  however,  the  synthesis  of  organic  phosphates  would  not  be  at  all 
favored  unless  the  phosphorylated  product  were  removed.  Enzymatic 
phosphorylation,  consequently,  is  usually  accomplished  by  adenosine  tii- 
phosphate  (ATP)  and  an  appropriate  enzyme.  The  energy  required  to  foim 
the  phosphoester  linkage  is  supplied  by  the  relatively  higher-energy  con  en 

of  ATP  compared  to  inorganic  phosphate. 

Phosphorylation  by  ATP  to  form  a  low-energy  compound  is  assent  a  y 
irreverlle.  The  mechanism  of  dephosphorylation  is  not  accompanied  by  a 
“ynteis  of  ATP,  but  instead  it  is  a  simple  hydrolytic  cleavage  mediated 

by  phosphatase. 

...  J.  Roche  and  Nguyen-van-Thoai,  Advances  in 

F.  Moog,  Biol.  Revs.  Cambridge  Phil.  Soc.  21,  (  )■  ^  jgr 

...  - 

...  a!  Swanson,  J.  Biol.  Chem.  184,  647  (1950), 

26»  M.  Cohn,  J.  Biol.  Chem.  180,  771  (1949). 
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The  enzymatic  transfer  of  a  phosphate  from  one  compound  to  another 
through  the  mediation  of  the  adenylpyrophosphates  is  well  known.  Enzymes 
which  catalyze  the  equilibrium  between  ATP  and  high-energy  compounds 
are  known  as  transphosphorylases.  A  more  systematic  nomenclature  is 
that  of  Dixon, 2®®  who  calls  a  phosphokinase  any  enzyme  that  catalyzes 
the  transfer  of  a  phosphate  from  ATP.  This  would  include  the  hexokinases 
as  well  as  the  transphosphorylases. 

Recently  it  has  been  shown  that  phosphatase  can  effect  transfer  of  phos¬ 
phate  groups  without  the  intervention  of  adenine  nucleotides.  Axelrod^^® 
first  demonstrated  this  phenomenon  in  phosphatase  preparations  from 
citrus  fruits;  Appleyard^”  followed  with  preparations  from  prostate  glands. 
Meyerhof  and  Green, using  purified  intestinal  phosphatase,  demonstrated 
phosphate  transfer  from  creatine  phosphate,  glucose- 1 -phosphate,  or  phos- 
phopyruvate  to  glucose,  fructose,  and  glycerol.  As  in  transpeptidation  and 
transglycosidation,  the  net  hydrolysis  is  zero.  That  free  phosphate  from  the 
phosphate  donors  is  involved  was  eliminated  because  synthesis  will  not 
take  place  under  the  experimental  conditions  if  the  phosphate  donor  is 
replaced  by  inorganic  phosphate. 

The  physiological  roles  of  the  phosphatases  have  been  discussed  by 
Roche.2«  According  to  the  theory  of  Robison  and  Fell,  in  the  process  of 
calcification  the  function  of  phosphatase  is  to  free  organically  bound  phos¬ 
phate  by  hydrolysis.  This  enables  the  formation  of  calcium  phosphate  at 
osteogenetic  sites.  The  high  concentration  of  alkaline  phosphatases  in  the 
cells  of  kidney  tubules  and  intestinal  mucosa  and  at  other  sites  of  absorption 
has  led  to  their  involvement  in  the  phenomenon  of  active  absorption.  Aside 
rom  histological  studies,  slim  evidence  exists  for  phosphorylation  mediated 
by  phosphatases  accounting  for  active  absorption. 


1.  Adenosinetriphosphatase  and  Apyrase 

enzymes  which  will  hydrolyze  adenosine  tri¬ 
phosphate.  Myosin,  one  of  the  active  proteins  of  muscle,  has  very  strongly 
ssociated  "‘th  it  an  adenosinetriphosphatase  which  is  activated  by  cab 

pZpWe  niagnesiiim.-  Cleavage  of  only  the  tei^Lll 

pnosphate  of  ATP  occurs,  and  iiiosine  triphosphate  is  the  onlv  other 
substrate  attacked.  Not  associated  with  mwsin  is  a  , 

nosmetriphosphatase  described  by  Kielley  and  Meyerhof.^^  It  is  strongly 
’••Nb  Dixon,  Multi.Enzyme  Systems,  Cambridge  University  Press.  Cambridge, 

m  Chem.  172,  1  (1948);  ibid.  176  295  (194S') 

2V2  n  Btochem.  J.  42,  596  (1948). 

-  V  fT  183,  377  (1950). 

W  W  Kni  Enzymol.  6,  147  (1946) 

(1950)'.  «<>»-•  176,  691  (1948),  Md.  183,  391 
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activated  by  magnesium  and  inhibited  by  calcium  in  the  presence  of  mag¬ 
nesium.  Phosphatases  which  act  on  the  terminal  phosphate  of  either  ATP 
or  adenosine  diphosphate  have  been  termed  apyrases  by  Meyerhof.^^^ 
Apyrase  from  potatoes^^®  •  and  from  yeasP^®  has  been  purified.  Calcium 
activates  potato  apyrase  but  depresses  the  enzyme  from  yeast.  Most  cells 
contain  one  or  more  of  these  enzymes  which  can  hydrolyze  ATP .  Difficulty 
arises  in  the  differentiation  between  true  adenosinetriphosphatase  and 
apyrase  because  mammalian  muscle,  at  least,  contains  myokinase  which 
will  dismute  adenosine  diphosphate  into  adenylic  acid  and  ATP.^^®  A  com¬ 
bined  effect  of  a  true  adenosinetriphosphatase  and  myokinase  will  then 
appear  to  be  that  of  an  apyrase.  In  the  earlier  work  of  Humphrey^’®  on 
the  occurrence  of  adenosinetriphosphatase  in  invertebiate  muscle,  little 
differentiation  was  done,  and  it  is  possible  that  ATP  hydrolysis  is  due  to 
many  enzymes,  including  an  apyrase.  Saxostrea  commercialism  however, 
seems  to  have  a  true  adenosinetriphosphatase.^^® 

The  exact  role  of  adenosinetriphosphatase  in  muscle  contraction  is  largely 
conjectural.  Upon  the  hydrolysis  of  ATP  heat  is  released,  but  how  the 
energy  of  hydrolysis  is  converted  to  mechanical  energy  is  not  known. 
The  function  of  the  adenylpyrophosphatases  in  yeasF®  and  in  brain- 
metabolism  has  been  treated  by  Meyerhof  and  his  associates. 


X.  Phosphorylases 

Phosphorolysis  is  the  term  introduced  by  Parnas-**  to  de.sonbe  the 
cleavage  of  substrates  by  phosphoric  acid.  The  relation  of  Phosphorolysis 
to  hydrolysis  is  explained  in  Section  I  of  this  chapter.  Ihe  phosphoijli^es 
have  been  reviewed  by  Hassid.  Doudoroff,  and  BarkeU'  Detailed  mfoi- 
mation  can  be  obtained  from  this  authoritative  review 

Phosphorylases  have  been  described  for  the  polysaccharic  es,  ^ 
and  amylose,  and  for  sucrose.  Phosphorylases  from  both  muscle 

216  0.  Meyerhof,  J.  Biol.  Chem.  167,  105  (1945). 

276  H.  M.  Kalckar,  J.  Biol.  Chem.  153,  ^55  (1_  )• 

277  p.  S.  Krishnan,  Arch.  Biochem.  20,  261  (  •  '  •  (1948). 

278  G.  F.  Humphrey,  Physiol.  Compara  ®  ®  ‘  ’  (1949). 

27»G.  F.  Humphrey,  Interscience  Publishers,  New 
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bond  of  the  following  nucleosides:  guanosine,  inosine,^*^  guanine  desoxy- 
ribonucleoside,  hypoxanthine  desoxyribonucleoside,^®®  thymidine, 2**®  uri¬ 
dine,-®^  and  cytidine.^®®  In  all  these  cases  ribose-1 -phosphate  or  desoxy- 
ribose-l-phosphate  is  probably  formed.  Pyrimidine  nucleosides  are  not 
phosphorolyzed  by  the  preparations  active  for  purine  nucleosides.  Desoxy- 
ribosides  and  ribosides  are  probably  cleaved  by  the  same  enzyme. 

According  to  the  views  of  Lynen,’^®®  coenz3"me  A  (CoA)  is  acetylated  at  a  free 
sulfhydryl  group  w'hich  then  becomes  — S — COCH3.  Transacetylase  in  Escherichia 
coli  has  been  shown  by  Stadtman  and  his  associates*®®  -  to  catalyze  the  following 
equilibrium: 

Acetyl— CoA  -}-  H3PO4  Acetyl— PO3H2  -f-  CoA 

The  emphasis  has  always  been  on  acetyl  transfer,  but  this  might  also  be  considered 
as  an  example,  the  only  one  as  yet,  of  phosphorolysis  of  a  linkage  that  is  not  glyco- 
sidic. 


The  concentration  of  inorganic  phosphate  is  a  limiting  factor  in  phos¬ 
phorolysis.  Unlike  water  in  hydrolysis,  the  phosphate  is  not  in  excess  in  most 
biological  systems.  The  phosphate  ester  produced  is  of  a  higher  energy 
content  (roughly  by  4800  cal.  for  glucose-l-phosphate)  than  the  free  sugar. 
4  he  action  of  muscle  and  potato  phosphorylase  is  specific  for  phosphate  or 
arsenate  as  the  glucose  acceptor.  Sucrose  phosiihorylase  can  operate  with 
aimther  monosaccharide  as  a  glucose  acceptor  in  the  absence  of  phosphate 
the  reaction  effectively  exchanges  the  glucosidic  linkage  from  sucrose  to 
form  a  glucos.de  with  the  added  suga,-.  This  pi  ocess  is  called  transglycosi- 
datioii  and  for  the  synthesis  of  polysaccharides  it  is  catalyzed  by  enzymes 
apait  from  phosphorylases  and  amylases.^®® 

Glycogen  and  amylopectin  are  not  degraded  completely  by  phosphorylase 
n  phosphate  alone,  nor  can  phosphorylase  synthesize  a  branched  polysac- 
chaiide  from  glucose-l-phosphate.  The  1 ,0'-a-glucosidic  link  is  an  elfeetive 
block  to  phosphorylase  which  acts  only  on  non-reducing  terminal  1  4' 
links.  The  scission  of  1,6'  linkages  is  charged  to  hydrolysi^w  ’< 

glucosidase'-  in  muscle  or  R  enzyme  in  plants.-  Phosphorotysis^f  1  6' 
H.  M.  Kalckar,  J .  Biol.  Chem.  167,  477  (1947) 

^^‘^Ickar,  J.  Biol.  Chem.  184,  437  (1950) 

*«*  L  M  federation  Proc.  8,  224  (1949). 

288  X  p  fiochern.  28,  348  (1950). 

i.  r.  Wang,  Federation  Proc.  9,  399  ('1950'i 

E  R^rar" 

E.  K.  btadtman  and  II.  A  Barker  T 

E.  R.  Stadtman,  G.  D.  Novelli  and  K  f  'r  f  ’ 

“  M.  DoudoroU,  11.  A.  Barker  and  W  z  ('"“"1"’  f 

w.  Z.  Hassid,  m  McElroy  and  Glass  I>l,osnr'‘^’ 
kins  Press,  Baltimore, 

)  p-  11,  iij.  J.  Hehre,  ibid.  p.  48. 


284 


WARREN  H.  YUDKIN 


bonds  by  an  “isophosphorylase”  has  been  claimed,^*'*  but  repetition  of  the 
work  has  not  supported  the  operation  of  this  mechanism. 

The  synthesis  of  amylose  chains  by  phosphorylase  requires  the  addition 
of  a  primer  in  the  form  of  a  polysaccharide.  The  enzyme  cannot  act  to 
condense  molecules  of  glucose- 1 -phosphate  with  each  other,  but  rather  the 
enzyme  transfers  the  glucosidic  link  in  glucose- 1 -phosphate  to  the  4  position 
of  the  glucose  residue  already  on  the  non-reducing  end  of  the  chain.^*^ 
Muscle  phosphorylase  requires  primers  of  larger  molecular  weight  than  does 
potato  phosphorylase  which  can  be  primed  by  maltotriose.^®*  As  well  as 
the  concentration  of  phosphate,  the  limiting  factor  in  chain  synthesis  by 
phosphorylase  is  the  length  of  the  chain.  Thus,  with  pure  phosphorylases 
and  priming  agents,  amyloses  are  synthesized. 

The  synthesis  of  1 ,6'-a-glucosidic  links  in  glycogen  and  starch  is  due  to 
transglucosidation  between  two  1,4'  chains  where  a  1,4'  bond  in  one 
chain  is  transferred  to  make  a  1,6'  bond  to  the  other  chain. 
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I.  Introduction 

A  consideration  of  the  respiratoiy  enzymes  should  reasonably  include  not 
only  reactions  which  directly  involve  electron  transport  but  also  those 
which  alter  the  metabolites  in  other  ways,  and  which  are  nonetheless 
essential  links  in  the  chain  of  events  that  result  in  respiration.  Other  chap¬ 
ters  deal  with  these  reactions,  such  as  deaminations  and  transaminations, 
carboxylations  and  decarboxylations,  transphosphorylations,  etc  In  this 
chapter  we  will  be  concerned  only  with  those  steps  m  the  metabolic  path¬ 
way  which  are  directly  concerned  with  electron  transport.  The  rapid  an 
extensive  developments  in  this  phase  of  biochemistry  as  well  as  its  rich 
historical  background  have  been  covered  in  excellent  reviews  which  have 
appred  in  recent  years.-  -  ^  Here  we  will  attempt  only  to  survey  the 
field  in  a  general  way  and  to  highlight  some  of  the  recent  contributions  that 

^TelstaT  thhty  ago  the  nature  of  the  processes  which  linked  the 

removal  of  electrons  from  oxidizable  substrates  to  the  reduction  of  mo  e  - 
ular  oxveen  was  completely  obscure.  Some  workers  proposed  that  the 
activation  of  an  oxygen  molecule  initiated  the  process,  ^  ° 

that  the  activation  of  the  substrate  was  the  critical  event,  rhis  cont  ^  y 

h^s  been  rIpoLdble  for 

::s;ur:n,rmeVwhichd^^^^^^^^ 

altered  oxygen  molecule.  Ihe  sclien 

.  J.  M.  Luck,  dnnual  c/  BiocKe^nstry.  VCs.  1^20,  Aniiu.l  Reviews, 

Inc.,  Stanford,  1946-1951.  ^  Academic  Press,  New  York,  1951. 

2  J.  B.SumnerandK.Myrback,T  burgess  Publishing  Co.,  Minneapolis, 

3H.  A.  Lardy,  Respiratory  Enzymes,  Burgess  i  ud 
1949. 
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pattern  of  events  in  which  a  specific  example  might  be  the  oxidation  of 
glucose-G-phosphate  to  6-phosphogluconate.  The  2  electrons  removed  from 
the  sugar  are  transferred  by  specific  enzymes  to  the  coenzyme  triplios- 
phopyridine  nucleotide  (TPN)  or  diphosphopyridine  nucleotide  (DPN)  to 
form  the  corresponding  reduced  coenzymes.  The  latter  may  be  reoxidized 
when  linked  with  specific  enzymes  which  bear  the  oxidized  forms  of  either 
flavin  adenine  dinucleotide  (FAD)  or  flavin  mononucleotide  (FMN).  The 
reduced  flavoproteins  may  in  turn  be  oxidized  by  oxygen  or  by  the  inter¬ 
vention  of  another  group  of  electron  carriers,  the  cytochromes. 

It  has  been  appreciated  for  a  long  time  that  even  in  aerobic  organisms 
certain  vital  functions  are  performed  under  relatively  anaerobic  conditions. 
For  example,  when  the  local  oxygen  supply  is  exhausted  during  vigorous 
muscular  activity,  a  fermentative  mechanism  comes  into  play  which  can 


Substrate  Pvridine  nucleotide 


OX 


Flavin  nucleotidcox  2  Cytochromeox 


+  2e 


-  2e 


+  2e 


-  2e 


+  2e 


-  2e 


+  2e 


A 


-  2c 


+  2e 


-  2e 


Product  Pyridine  nucleotidcred  Flavin  nucleotidcred  2  Cytochromered 


H,0 


10, 


Fig.  1.  Scheme  of  electron  transport  to  oxygen. 


+  2c 
H2O2 


-  2c 


provide  energy  for  continued  muscle  contraction.  Among  microorganisms 
there  is  a  wide  assortment  of  prominent  mechanisms  which  under  rigidly 
anaerobic  conditions  provide  energy  for  growth  and  function  by  means  of 
oxidatwe  reactions.  Such  oxidative  steps  are  possible  by  linkage  with 
reductive  reactions,  either  by  direct  dismutation  of  the  substrate  or  through 
the  intervention  of  electron  carriers.  The  point  to  be  emphasized  is  that 
such  fermentatiye  reactions  are  as  worthy  of  attention  in  an  over-all  coii- 

to  oxy^m 

“  srr- :r,r;rr 

i*.  ‘r;:;, 
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11.  Pyridine  Proteins 

1.  Coenzymes 

a.  Properties.  DPN  was  first  recognized  as  a  cofactor  necessary  for 
alcoholic  fermentation  in  yeast.  The  studies  of  Warburg^  -  ^  and  Schlenk 
and  von  Euler®  -  led  to  the  development  of  a  structural  formula  (Fig.  2) 
which  has  been  proved  valid  by  subsequent  studies.®  -  DPN  is  a  dinu¬ 
cleotide  in  which  the  constituent  mononucleotides,  adenosine-5'-phosphate 
(muscle  adenylic  acid)  and  nicotinamide  ribose-5'-phosphate,  are  linked  by 
a  pyrophosphate  bridge.  Recent  reports  have  shown  the  synthesis  of  this 
coenzyme  to  occur  by  a  condensation  of  nicotinamide  ribose-5  -phosphate 
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Diphosphopyridine  nucleotide 
Fig.  2 


(NRP)  and  adenosine  triphosphate  (ATP)  with  the  formation  of  inorganic 
pyrophosphate  (PP).^° 

NRP  -1-  ATP  DPN  -t-  PP 

The  DPN  molecule  undergoes  several  additional  types  of  enzymatic  degra- 
wls  isolated  by  Warburg  and  co-workers  as  the  coenzyme  required 

many  years  it  was  recognized  that  the  structuie 

.  o,  Warburg,  W.  Christian,  and  A.  Of 
.  O,  Warburg  and  W-  Christ.an  B.ochm.  Z  2,1  m 

:  Itmt/ani  W.t  Pr^;,  t  Cem.  m.  763  (1950). 

..  A.  Kornberg,  J.  Biol. 
n  A.  Nason,  Federation  Proc.  10,  228  (loa  )• 
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that  of  DPN,  differing  only  in  the  presence  of  one  additional  phosphate 
group.  A  common  assumption  was  that  the  three  phosphates  were  disposed 
in  a  triphosphate  chain  with  nicotinamide  nucleoside  on  one  end  and  adeno¬ 
sine  on  the  other.  With  the  availability  of  improved  enzymatic  methods  for 
degrading  the  molecule,  it  has  been  established  that  the  extra  phosphate 
group  of  TPN  is  attached  to  the  adenosine  part  of  the  molecule  and  has  the 
same  configuration  as  adenylic  acid  “a. ”*2  Adenylic  acid  “a”  has  now  been 
demonstrated  to  be  adenosine-2'-phosphate,  and  adenylic  acid  “b”  to  be 
the  3'-phosphate.^2“  The  structure  of  TPN  is  given  in  Fig.  3. 

The  properties  of  these  coenzymes  have  been  reviewed  by  Schlenk.'® 
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Their  ultraviolet  absorption  spectra  have  been  of  especial  interest  and 

usefulness  As  can  be  seen  from  Fig.  4  the  spectrum  of  the  oxidized  form  of 

TPM  knowledge  the  absorption  characteristics  of 

similar^tothnT  f  i  ^  maximum  at  260  m^  and  thus  is 

tion  abL  30n  tT  compounds.  There  is  no  absorp¬ 

tion  above  300  m^.  Upon  reduction  of  the  pyridine  ring  there  is  a  slieM 

r.  ra;;:a™^ee 

a  new  band  at  340  These  properties,  first  described  by  Warbure  and 
associates  ■  have  been  exploited  by  him  and  others  as  a  basis  for  hiahiv 
sensitive  and  specific  analytic  methods  for  a  variety  of  enzymes  substrftes^ 
and  other  coenzymes.  In  this  connection  it  is  important  to  0^!^  „ 

76,  1262  (1953).  Km,  and  W.  E.  Cohn,  J.  Am.  Chem.  Soc. 

F.  Schlenk,  in  Sumner  and  Mvrback  Tho  TTr, 

York,  1951,  Vol.  II,  Part  1,  p.  250.  ’  Enzymes,  Academic  Press,  New 
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cients  of  DPN  and  TPN,  especially  for  the  340-m/i  bands  of  the  reduced 
forms. 

The  literature  contains  numerous  values  which  may  differ  by  as  much 
as  30%.'“*  There  are  two  prominent  sources  for  the  variation:  one  the 
assumption  that  impure  preparations  are  pure,  which  leads  to  low  values, 
and  the  other,  the  use  of  improper  methods  for  reducing  the  coenzyme, 
which  generally  leads  to  high  values.  For  example,  the  use  of  a  chemical 
reducing  agent  such  as  hydrosulfite  will  result  in  the  reduction  of  any 
coenzyme  fragments  containing  the  pyridinium  linkage,  all  of  which  possess 


Fia.  4.  Absorption  spectra  of  the  oxidised  and  reduced  pyridine  nucleotides 
(from  Schlenk's).  To  show  the  correct  extinction  coefficients,  the  values  m  the  ordi¬ 
nate  are  to  be  multiplied  by  1.10. 


ail  absorption  band  at  340  inp.  Since  analytically  pure  samples  of  DPN 
and  TPN  were  and  still  are  unavailable,  a  method  was  develope  w 
establLshes  the  absorption  coefficient  in  a  way  that  is  independent  of  the 
purity  of  the  coenzyme.  By  selecting  a  simple  enzymatic  reaction  m  whi 
a  puJe  substrate  is  compleldy  oM  (or  reduced)  in  presence  i^f  an 
excess  of  coenzyme,  the  change  in  optical  density  obsened  represente  the 
molar  equivalent  of  the  amount  of  substrate  added.  In  this  , 

io«  sq.  cm.  X  mole-  was  derived  for  the  340-mp  bands  of  both 

^bf^Interlnversiom' A  number  of  enzymatic  mechanisms  have  been  ile- 

::  I::  335  dots). 
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scribed  which  indicate  that  the  pyridine  coenzymes  DPN  and  TPN  can 
interact  with  one  another. 

(1)  Phosphate  Transfer.  With  a  purified  enzyme  from  yeast'^  the  follow¬ 
ing  reactions  have  been  demonstrated: 

DPN  -h  ATP  TPN  -f-  ADP 

DPNH2  +  ATP  ^  TPNH2  -b  ADP 

There  is  also  evidence  for  a  similar  reaction  in  pigeon  liver  extracts.^* 

TABLE  1 


Molecular  Extinction  Coefficients  for  DPN  and  TPN  at  340  mu 


Density 

Concentration  of 
substrate, 

moles  X  cm.“*  X  10* 

Molecular  extinction 
coefficient,  sq. 
cm.  X  mole"*  X  10"* 

Initial* 

Final 

Pyruvate-DPNH2 

0.684 

0.389 

47.0 

6.28 

Pyruvate-DPNH2 

0.683 

0.440 

38.5 

6.31 

Pyruvate-DPNH2 

0.648 

0.190 

73.3 

6.25 

Isocitrate-TPN 

0.167 

0.526 

60.6 

5.93 

Pyruvate-TPNH2 

0.494 

0.212 

45.0 

6.27 

Acetal  dehyde-DPNH2 

0.620 

0.485 

22.1 

6.11 

Acetaldehyde-DPNH2 

0.607 

0.408 

32.6 

6.11 

Average  6.22t 


*  Corrected  for  dilution  due  to  substrate  addition. 

•  obtained  by  excluding  the  result  with  isocitrate.  With  the  value  included  the  average 

IS  6.18.  This  value  has  recently  been  confirmed  with  pure  crystalline  barium  glucose-6-phosphate.-« 


The  presence  in  potato,^  kidney/®  and  other  sources  of  a  phosphatase 
which  splits  out  the  “third”  phosphate  of  TPN  has  been  establislied. 

TPN  -f  H2O  — +  DPN  -f-  phosphate 

It  may  be  presumed  that  the  same  enzyme  will  convert  TPNH2  to  DPNH 
{2)  Electron  Transfer.  Another  mechanism  for  the  interaction  of  the 
pyridine  nucleotides  was  described  by  Colowdck  et  al.-^’  22  They  observed 

an  enzyme  in  extracts  of  Pseudomonas  fluorescens,  Azotobacter,  and,^  more 

A.  Wood  and  B.  L  Horecker,  Biochem.  Prepns.,  in  press. 

A.  Kornberg,  J .  Btol.  Chem.  182,  805  (1950) 

'*  (1948^“"'  Chem.  174.  061 

**  D.  R.  Sanadi,  Arch.  Biochem.  35,  268  (1952) 

”  L!  95 “St '  C-tti.  J-  Biol.  Chem. 

”  N  0  J-  Biol.  Chem.  196,  107  (1962) 

N.  O.  Kaplan,  S,  1  .  Colow, ck,  and  E.  P.  Neufeld.  Pedemlion  Proc.  11, 238  (1962) 


292 


B.  L.  HORECKER  AND  A.  KORNBERG 


recently,  animal  tissues  which  carried  out  the  following  reaction: 

TPNH2  +  DPN  DPNH2  +  TPN 

These  investigators  were  able  to  show  that  an  electron  rather  than  a 
phosphate  transfer  was  involved.  With  desamino  DPN  (prepared  by  en¬ 
zymatic  hydrolysis  of  the  6-amino  group  of  adenine),  which  can  replace 
DPN  in  this  reaction,  the  product  in  the  case  of  electron  transfer  would  be 
desamino  DPNH2,  whereas  in  the  case  of  phosphate  transfer  it  would  be 
desamino  TPN.  The  occurrence  of  the  reaction; 

TPNH2  +  desamino  DPN  TPN  -t-  desamino  DPNHj 

was  established  by  the  identification  of  desamino  DPNH2. 

Colowick  has  pointed  out^®  that  this  transhydrogenase  system  may  pro¬ 
vide  a  shuttle  when  and  where  necessary  for  linking  DPN-specific  dehy- 


Fla  vop  rot  ein  jpN 

TPN 


Cytochrome  c 


transhydrogenase 


FlavoproteinDpN 

I 

DPN 

f 

DehydrogenaseDpN 


Dehydrogenase  tpn 

Fig.  5.  The  role  of  transhydrogenase  in  electron  transfer. 

drogenases  with  TPN-specific  flavoproteins  or  vice  versa,  as  shown  in  Fig. 
5.  Only  indirect  evidence  is  thus  far  available  for  the  reduction  of  TPN  by 

DPNH 

c  Specificity.  The  availabity  of  refined  spectrophotometiic  methods  f 
the  detection  and  assay  of  dehydrogenases,  coupled  with  the  more  wide- 
spread  interest  in  enzyme  purification,  has  led  to  ^“bstant-a  re— 
eroansion  of  our  knowledge  concerning  the  coenzyme  specific  ty  of  dehydro 
genases  It  is  apparent  from  current  research  activities  that  further  tabula- 
ions  of  this  subject  will  also  be  short-lived.  It  may  be  helpful  to  indicate 

*^*'1  ^Strict  s^roXcHy  toward  a  coenzyme  regardless  of  the  source  material. 
Alcoh^dehydr^  isolated  from  yeast-  and  horse  liver-  reacte  ruth 

DPN  but  not  at  all  with  TPN. 

been  cited  as  another  example  of  strict  D1  N  spe.  mcity  V 

•  Air  TPI  nrvri  Phosphopus  Metabolism,  The  Johns 

2*  S.  P.  Colowick,  tn  McElroy  and  Clas  ,  I 

Hopkins  Press,  Baltimore,  1951,  Job  b  P-  43  . 

24  E.  Racker,  J.  Biol.  Chem.  184,  318  (1950). 

26  R.  K.  Bonnichsen,  Acta  Chem.  Scand.  4,  714  (195  ). 
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reports  indicate  the  presence  in  j^reen  leaves  ol  a  ti'ioscphosphate  dehydro¬ 
genase  whicli  i-eacts  with  TPN.-®-  It  would  seem  that  further  investiga¬ 
tions  of  a  variety  of  plants  and  microorganisms  may  completely  eliminate 
this  category. 

2,  Strict  specificity  toward  a  coenzyme  only  in  a  given  source  material. 
The  malic  enzyme,^”  which  oxidatively  decarbo.xylates  malic  acid  to  pyruvic 
acid,  is  TPN  specific  in  pigeon  liver  but  DPN  specific  in  Lactobacillus 
arabinosus.^^ 

3.  True  non-specificity.  The  essentially  equal  reactivity  of  glutamic  de¬ 
hydrogenase  of  animal  origin  with  either  DPN  or  TPN  was  recognized  at 
an  early  date.®°'  The  slight  but  nonetheless  significant  non-specificity  of 
other  dehydrogenases  escaped  detection  by  the  less  sensitive  methods  which 
relied  on  methylene  blue  reduction.  For  example,  re-examination  of  the 
specificity  of  lactic  and  malic  dehydrogenases^*  previously  regarded  as 
DPN  specific  have  revealed  reactivity  with  TPN.  As  shown  in  Table  2, 
this  applies  to  several  source  materials. 


4.  Non-specificity  due  to  the  presence  of  a  DPN-specific  and  TPN-speci- 
fic  enzyme  in  the  same  source  material.  It  was  demonstrated  that  in  yeast 
two  distinct  isocitric  dehydrogenases  could  be  isolated,  each  free  of  the 
other.»2  Both  enzymes  catalyze  the  same  over-all  oxidative  decarboxylation, 
although  some  distinguishing  features  exist  and  will  be  discussed  below! 
Even  though  the  bakers’  and  brewers’  yeast  used  as  source  material  are 
not  considered  pure  cultures,  the  fact  that  the  activity  of  both  enzymes  was 

approximately  equal  in  a  variety  of  samples  suggests  that  the  two  enzymes 
co-exist  in  the  same  cell. 

d.  Protein  Binding.  Unlike  the  flavin  nucleotides,  which  are  tightly  hound 
to  protems  and  are  readily  ohserved  as  tlavoprotein  complexes,  the  pyridine 
nucleotides  have  lieen  considered  to  be  almost  completely  dissociated  from 

ThTfimt  o?th  ^P^rtant  exceptions, 

dehvd  ^  ‘*«™onstration  that  the  crystalline  triosephospliate 

dehydrogenase  from  muscle  has  firmly  hound  to  it  2  molecules  of  DPN 
ssuming  a  minimum  molecular  weight  of  100,(100  for  the  protein  The 
bound  coeiuyme  is  not  removed  by  dialysis  or  recrystallisation  Imi  can  be 

“  M.  Gibbs,  personal  communication. 

”  D.  Arnon,  personal  communication. 

J.  G.  Dewan,  Biochem.  J.  32,  1378  ri0381  ’ 

H.  von  Euler,  E.  Adler,  G.  Giinthlr  !nd  N  R  D  ^  . 

61  (1938).  ’  Z.  physiol.  Chem.  264, 

A.  Kornberg  and  W.  E  Pricpr  Tr  t  n  -  i 
"  J-  F.  Taylor,  S.  F.  Velick,  G  T  Con  C  p  ^ 

Chem.  173,  619  (1948).  ’  '  W.  Slein,  J.  Biol. 
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removed  by  treatment  with  Norit  or  i)y  alkaline  phosphatase.  The  presence 
of  the  coenzyme  is  required  in  order  for  the  enzyme  to  crystallize.  Since  the 
bound  DPN  can  be  separated  from  the  enzyme  by  charcoal  adsorption  and 
since  it  also  exchanges  rapidly  with  P^^-labeled  DPN,=*^  it  appears  that  the 
binding  is  not  of  the  covalent  type  and  that  the  bound  DPN  has  a  signifi¬ 
cant  dissociation. 

Another  example  of  a  pyridinoprotein  is  provided  by  Theorell  and  Bon- 
nichsen,®^  who  observed  a  shift  in  the  reduced  band  of  DPNH2  to  lower 
wavelengths  in  the  presence  of  stoichiometric  amounts  of  liver  alcohol 
dehydrogenase.  Attempts  to  observe  a  similar  phenomenon  with  liver 
glutamic  dehydrogenase  have  thus  far  been  unsuccessful.^ 

e.  Oxidative  Phosphorylation.  The  knowledge  that  the  function  and 
growth  of  a  cell  are  dependent  on  energy-yielding  oxidative  processes  has 
been  appreciated  for  a  long  time.  However,  the  precise  mechanisms  whereby 
the  energy  released  from  exothermic  oxidative  reactions  is  converted  into 
useful  chemical  forms  are  still  largely  obscure.  The  high-energy  phosphate 
bond,  with  free  energy  changes  of  the  order  of  12,000  cal.,  has  been  the  best- 
known  device  for  trapping  the  energy  of  reactions.  But  most  recently  the 
high-energy  character  of  the  acyl-sulfur  linkage  and  its  interaction  with 
high-energy  phosphate  compounds  has  become  apparent. 

In  the  discussions  of  triosephosphate,  acetaldehyde,  and  a-keto  acid 
dehydrogenases,  it  will  be  seen  that  there  is  a  fairly  close  approach  to  an 
understanding  of  the  energetic  coupling  in  these  oxidations.  \\  hat  is  stil 
a  maior  mystery  is  the  mechanism  whereby  the  oxidation  of  the  leducec 
pyridine  nucleotides  serves  as  the  major  energy  source  111  most  forms  of 

aeroliic  metabolism. 

2.  Apodeiiyurogenases 

'n,c  .went  review  of  tl.e  pyridine  proteins  presented  l>y  Sol, lenk-'  makes 
it  nmmeessary  to  present  this  subjeet  in  sreat  detad.  I,.stea<l  we  w.ll  attempt 
only  to  toucli  on  some  of  tlie  current  advances  witli  the  partially  o|  higlily 
nu lifted  pyridine  nucleotide  dehydrogenases.  A  brief  summary  of  the  reac- 
^01.  pniducts.  coen.yme  specificity,  source  of  the  eii^mic,  and  its  state  ol 

more  Extensively  by  Strecker  and  Korkes.-  They  demonstrated  that  1 1  N 
more  extens  y  y  ^.^^miyme  and  that  the  oxidation  was  reveis- 

/-I  •  a  T?  VrxiipL'  -ind  G  T  Cori,  Biochim.  et  Biophrjs.  ActaA,  \60  (1950 

■*  1  R  tn'i  Ihst  .'icki  ««!..  Scam/.  6.  1105  (1951). 

::  rxll::  a'.!  S  Korkes.  ;.  ///cl.  769  (1952). 
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TABLE  2 


The  Pyridine  Nucleotide-Linked  Dehydrogenases 


Name  of  Dehydrogenase 

Product 

Coenzyme 

Source 

Purity  of 
proteins 

Refer¬ 

ence 

Glucose 

Gluconolactone 

TPN,  DPN 

Liver 

Partial 

36 

Glucose-6-phosphate 

0-Phosphogluconolactone 

TPN 

Yeast 

Partial 

17,  37 

(Zwischenferment) 

6-Phosph<)gluconic 

CO2  -f-  ribulose-5-phosphate 

TPN 

Yeast 

Partial 

38 

3-Phosplioglyceraldehyde 

1 ,3-Diphosphoglycerate 

DPN 

Yeast 

Crystalk'ne 

39 

(Triose  Phosphate) 

DPN 

Muscle 

Crystalline 

33 

a-Glyceroplia»pliate 

Dihydroxyacetone  phos- 

DPN 

Muscle 

Crystalline 

40 

phate 

Lactic 

Pyruvate 

DPN,  TPN 

Muscle 

Crystalline 

41-44 

Pyruvic 

Acetyl-CoA  -f-  CO2 

DPN 

Muscle 

Partial 

45,  46 

DPN 

coll 

Partial 

47 

Alcoliol 

Aldehyde 

DPN 

Yeast 

Crystalline 

24 

DPN 

Liver 

Crystalline 

25 

Acetaldehyde 

Acetate 

DPN 

Liver 

Partial 

48 

DPN,  TPN 

Yeast 

Partial 

49 

TPN 

Yeast 

Partial 

50 

Isocitric 

a-Ketoglutarate  +  CO2 

TPN 

Muscle 

Partial 

51 

TPN 

Yeast 

Partial 

32 

DPN 

Yeast 

Partial 

32 

a-Ketoglutaric 

Succinyl-CoA  -f  CO2 

DPN 

Muscle 

Partial 

52,  53 

Glutamic 

a-Ketoglutarate  -f-  NH, 

dpn,tpn 

Liver 

Partial 

54  55 

TPN 

E.  colt, 

Partial 

56,  57 

yeast 

DPN 

Plants 

Partial 

58 

Malic 

Oxaloacetate 

DPN,  TPN 

Muscle 

High 

59 

Malic  enzyme 

Pyruvate  -f  CO2 

T]^M 

j 

Liver 

Partial 

28 

1 

DPN 

L.  arabin- 

Partial 

29 

1 

— 

- - — 

osus 

’•  B.-  StS  P  ® 

0.  Warburg  and  W  ChristirrB°^‘^  r‘"*' 

40  T  Ru.ra  1  r  • Biochem.  Z.  303,  40  aoSQ^ 

”  F  B  sr"r.  !«“•  ®  (1949). 

42  p'  ?-■  Biochem.  J.  34,  483  (1940) 

r.  Kubowitz  and  P.  Ott,  Biochem.  Z.  314,  94  (1943^ 

A.  Kornberg  and  W.  E.  Pricer  Jr  T  ^ 

L  196*  347  (1952)"^  (^951). 

iv.  b.  bchweet,  M.  FulH  TC  i  i  \ 

Bboaphorus  Metabolism,  The  Jo'lms  IlTpki'ns  piesr'liau'''”'^'''”)' 

P- ^4b.  i  4°  I  ress,  Baltimore,  1951,  Vol.  I 
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domonas  fluorescens  to  yield  2-kct  j  gluconate  has  thus  far  been  studied  (.nly 
with  intact  cells.®”  Evidence  of  a  gluconokinase  in  hacteiia®*  and  yeast®^  is 
found  in  recent  reports. 

b.  Glucose-6-phosphate  Dehydrogenase  (Zwischenferment).  Renewed 
interest  in  the  direct  oxidation  of  glucose-6-phosphate  as  an  alternate 
metabolic  pathway  has  come  from  several  sources,  such  as  studies  on  the 
mechanism  of  pentose  synthesis,*®  ■  ®*  ■  ®^  on  the  elucidation  of  fermentative 
mechanisms  with  isotopically  labeled  glucose,®®  and  on  the  fluoride-insensi¬ 
tive  production  of  pyruvate  and  propionate.®®-  ®^  New  facts  may  emerge 
from  the  study  of  the  glucose-6-phosphate  dehydrogenase  in  these  varied 
biologic  materials.  A  somewhat  simjdified  preparation  ol  the  dehydi  ogenase 
from  yeast  has  been  described.’'^ 

c.  Phosphogluconic  Dehydrogenase.  This  enzyme  has  been  purified*®  and 
shown  to  catalyze  the  reversible  eiiuilibrium;®® 

6-Phosphogluconate  +  TPN  CO2  +  ribulose-5-phosphate  -f-  TPNIR 

The  presence  in  these  preparations  of  a  pentose  phosphate  isomerase  results 
in  the  production  of  ribose-5-phosphate,  the  equilibrium  favoring  the  aldose. 


^6  S.  Ochoa, /.  BfoL  C/iem.  195,  541  (1952).  r  r>  -  1  ru 

«  S.  Korkes,  A.  del  Campillo,  I.  C.  Gunsalus,  and  S.  Ochoa,  J.  Biol.  Chem.  193, 

721  (1951). 

E.  Racker,  J.  Biol.  Chem.  177,  883  (1949). 

-•9  S.  Black,  Arch.  Biochem.  34,  86  (1951). 

60  J  E.  Seegmiller,  J.  Biol.  Chem.  in  press.  i  u  •  ToUnri 

61  S.  Ochoa,  J.  Biol.  Chem.  174,  115,  133  (1948);  S.  Ochoa  and  E.  tVe.sz-Tahon, 

62  ^s-inadi  and  j!  W.  Littlefield,  J.  Biol.  Chem.  193,  683  (1951). 

66  L’Kaufman,  in  McElroy  and  Glass,  Phosphorus  Metabolism,  The  Johns  op- 

kins  Press,  Baltimore,  1951,  Vol.  I,  p.  370. 

64  J.  A.  Olson  and  C.  B.  Anfinsen,  J .  Biol.  ’ 

66H.  J.Strecker,  Arc/i.Rmc/iem.RmMi/s.  32  448  (195  ). 

66  E.  Adler,  H.  Hellstrom,  G.  Gunther,  and  H.  von  Eulei,  Z.  physwl. 

14  (1938).  Fverett  Z  pWch  C/iem.  255,  27  (1938). 

::  l  rvo.fE^:ra.Kl  Co,„p.  la,. 

Carlsberg  22,  15  (1938). 

69  F.  B.  Straub,  Z.  physiol.  Chem.  275,  63  (IJ  )• 

60  L.  B.  Lockwood,  B.  Tabenkin,  and  G.  E.  Ward,  J.  Bad.  42,  51  1  J  1 

61  s.  S.  Cohen,  J.  Biol.  Chem.  189,  617  0951)- 

66  H.  Z.  Sable  and  A.  J.  Guarino,  188  M9  (195  ). 

63  D.  B.  M.  Scott  and  S.  S.  Cohen,  J. 

64  F.  Dickens,  Biochem.  J  ■  32,  1626,  1636  (  )•  (1951) 

66  M  Gibbs  and  R.  D.  DeMoss,  952) 

..  N.'  Eniner  and  M.  DoudorolT,  J  lliol.  theau  W®’ ® 

‘1  H.  G.  Wood  and  Leaver,  Fedeialwn  r  .  ■ 

»  U.  L.  Ilorecker  and  1>.  Z.  Smyrniot.s,  J-.  Hiol.  tnem. 
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Proof  for  the  existence  of  a  mechanism  for  the  direct  oxidation  of  pentose 
phosphate  has  not  been  provided  as  yet.  However,  it  has  been  demonstrated 
that  one  pathway  of  pentose  phosphate  metabolism  involves  initially  a 
cleavage  to  produce  triose  phosphate  and  a  2-carbon  unit,  the  nature 

of  which  is  the  subject  of  current  investigation. 

d.  Phosphoglyceraldehyde  Dehydrogenase.  The  classical  report  of  War- 
buig  and  Christian  on  the  crystallization  and  mode  of  action  of  this  enzyme 
now  stands  as  a  major  milestone  rather  than  the  final  goal  in  the  under¬ 
standing  of  this  reaction.  Knowledge  derived  from  the  existence  of  high- 
energy  acyl-sulfur  linkages  in  related  reactions  has  led  to  new  hypotheses 
such  as  that  formulated  by  Packer 


R 

R 

1 

I— C=0 

1 

H— C— 1 

+ 

^  1 

S 

SH 

1 

1 

Enzyme 

Enzyme 

R 

1 

R 

1 

C=0 

1 

c=o 

1 

S 

1 

OPO3H 

1 

Enzyme 

+ 

SH 

Pinzyme 

He  has  observed  the  presence  of  glutathione  in  the  ciystalline  enzyme” 
and  has  thus  stmngthened  the  concept  that  an  addition  producTrf  the 
aldehyde  and  sulfhyd^l  portion  of  the  enzyme  is  oxidized  ami  then  creaved 

oTar.atr^h*'^  acid.  The  “hi  itorj 

w,p;s:  . . . .  -  - 

myogerf  A^hy  “narat  °li  « '“"rr-  from 

strongly  the  rLuction  of  !hW  I  !  sho'vn  to  favor 

’•  b'.  U  Ho%Z;ZT7  T’‘ 

"  E.  Kacker.  McEh!yl„fS°pr  “•  232  (1952). 

Press,  Baltimore,  p!  Metabolism,  The  Johns  Hopkins 

(1952).  ->d  S.  Ochoa,  J.  Biol.  Chern.  193. 

Kaufnmn, 

72d  PlSl.V.Wo.  I^Ietaholism,  The  Johns 

”  A.  KornbeTg  Ind  Pdcer"  Jr f  ^^7  (1952). 

ncer,Jr.,J.Am.CAe7n.Soc.  74.1617  (1952). 
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is  a  precursor  in  the  enzymatic  formation  of  phosphorus-containing  lipids, 
this  enzyme  may  prove  to  be  of  great  importance  in  fat  metabolism. 

f.  Pyruvic  Dehydrogenase  and  a-Ketoglutaric  Dehydrogenase.  Both  en¬ 
zymes  can  be  considered  together  as  examples  of  a-keto  acid  oxidation. 
.\lthough  it  is  premature  to  consider  the  exact  mechanism  of  this  type  of 
oxidation,  it  is  worth  Avhile  to  direct  attention  to  some  of  the  important 
advances  that  have  been  made  and  the  hypotheses  that  are  under  serious 

consideration.^-"' ^26. 72c,  72ri  involvement  of  an  acyl-coenzyme  A  inter¬ 

mediate  is  estal)lished: 


Pyruvate  -|-  DPN  4-  CoA  ^  Acetyl-CoA  +  DPNIh  -f  CO2 


a-Ketoglutarate  +  DPN  -t-  Co.\  Succinyl-CoA  +  DPNHa  -t-  CO2 

It  remains  to  be  determined  what  function  thiamin  pyrophosphate,  an 
essential  cofactor,  serves  in  these  reactions.  The  role  of  the  pyruvate  oxida¬ 
tion  factor^^  in  cell-free  systems  also  remains  to  be  clarified.* 

g.  Acetaldehyde  Dehydrogenase.  Several  different  enzymes  which  cat¬ 
alyze  the  oxidation  of  acetaldehyde  have  been  described  in  the  past  few 
years  in  yeast.  The  enzymes  discovered  by  Racker  m  hver^»  and  Blacky® 
and  Seegmiller^®  in  yeast  produce  acetic  acid  without  any  detectable  parti¬ 
cipation  of  phosphate  or  coenzyme  A.  The  preparation  of  Stadtman  and 
BurtoiT^  from  Cl.  kluijveri  reciuires  coenzyme  A  and  converts  acetaldehyde 

to  acetyl-CoA. 

Acetaldehyde  +  DPN  +  CoA  ;=i  Acetyl— CoA  +  DPNH2 

Ti 

.Acetyl  phosphate  4-  CoA 


III  the  presence  of  inorganic  phosphate  and  transacetylase  (m 
tracts)  acetyl  phosphate  is  produced.  Reversal  of  tins  ^ 

achieved.  Since  sulfhydnd  activation  of  the  liver  enzyme  has  been  noted, 

♦  Pyruvate  oxidation  factor  has  been  identified  as  o-lipoic  .acid, 

H2C  — (CH2)n— CH— (CH2)6-n— CODH, 

1 _ i 

(J.  A.  Brocfinian,  Jr.,  E.  b.  lb  “‘r.  r’;  S.  Horn 

Macchi  and  F.  P.  Day,  Ann  Chem.  y,  R,ed.  J^ 

R  >'  •  '2  0952))  a  ni’it  has  been  shown  (h.  J.  Heed  and  B.  O.  De 

Chom.  Soc.  74,  2382  <  »“)  )  aim  oocnsymc  for  pyruvate  and 

Busk,  J.  Biol.  Chem.  199,  K7S,  S  .  ,  Unnic  acid  and  cocarboxylase, 

o-keto-elutarate  oxiilalion  is  the  am.de  of  «-lipoic  ,ic..l 

named  lipothiamide  pyrophosphate.  MeUholism,  The  Johns 

7.  I  C.  Gunsalus,  in.  McEIroy  and  Glass,  1  h°“P''orns 
Hopkins  Press,  Baltimore,  1951,  Vo  .1.  P_^  • 

75  R.  M.  Burton,  Federation  Proc.  11,  (l.  o  )■ 
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it  may  also  prove  to  involve  a  mechanism  analogous  to  the  coenzyme  A- 
requiring  dehydrogenase  of  Cl.  kluyveri. 

h.  Isocitric  Dehydrogenase.  In  yeast^^  two  enzymes  were  found  which 
could  be  distinguished  not  only  on  the  basis  of  their  coenzyme  specificity 
but  also  in  other  important  respects.  The  TPN-specific  dehydrogenase 
resembles  closely  a  TPN-specific  enzyme  derived  from  acetone  powders  of 
mammalian  tissue.  As  described  by  Ochoa®^  for  the  mammalian  TPN-speci¬ 
fic  enzyme,  the  yeast  enzyme  catalyzes  the  decarboxylation  of  oxalosuc- 
cmate,  the  reductive  carboxylation  of  a-ketoglutarate,  and  the  reduction  of 
oxalosuccinate.  The  DPN-specific  enzyme  fails  to  catalyze  the  reductive 
carbo.xylation  of  a-ketoglutarate  and  does  not  appear  to  have  oxalosuccin¬ 
ate  as  an  intermediate.  As  a  further  distinction  from  the  TPN-specific 
enzyme,  there  is  a  specific  and  absolute  requirement  for  adenosine-5-phos- 
phate,  the  function  of  which  is  not  clear. 


III.  Flavoprotein  Enzymes 

The  flavoproteins,  or  yellow  enzymes,  have  been  shown  to  contain  either 
al  o.xazme  mononucleotide  (flavin  mononucleotide,  FMN)  or  isoalloxazine 
adenine  dmucleotide  (flavin  adenine  dinucleotide,  FAD)  (Fig.  (i).  The 
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bonds  is  replaced  by  a  single  double  bond  (Fig.  8).  The  reduced  forms  of  the 
free  prosthetic  groups  are  very  rapidly  oxidized  by  molecular  oxygen,  but 
this  ability  to  react  directly  with  oxygen  (autoxidation)  is  greatly  dimin- 


Fig  7  The  absorption  spectrum  of  TPN-cytochrome  o  reductase  isolated  from 
liver  The  Lluced  spectruin  was  obtained  by  reduction  with  TPNH.  The  insert  ,s 
enlarged  to  show  the  details  of  the  bands  at  380  and  455  mp.  (From  Horecker.  ) 


R 

I 


H 


ished  in  combination  with  the  enzyme  protein  7'>  i;'  ^ 

entirely  absent.  In  the  reaction  with  oxygen,  l.ydrogen  peio.xule is  produc 

(see  Fig.  1). 

1.  The  OxiD.tTioN  of  the  Pyridine  Nucleotides 
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however,  in  the  hydrogen  transport  system  where  they  catalyze  the  oxida¬ 
tion  of  the  reduced  pyridine  nucleotides.  A  number  of  flavin  enzj^mes  have 
been  implicated  in  this  system,  but  the  true  physiological  role  of  many  of 
these  is  not  well  understood.  This  is  true  of  the  “old”  yellow  enzyme  of 
Warburg,  which  catalyzes  the  direct  oxidation  of  pyridine  nucleotides  by 
oxygen,  and  of  Haas’  “new”  yellow  enzyme  and  diaphorase  which  react 
rapidly  only  with  dyes  such  as  methylene  blue.  On  the  other  hand,  the 
cytochrome  c  reductases,  which  bring  about  the  reduction  of  cytochrome 
c  by  reduced  pyridine  nucleotides,  appear  to  be  in  the  direct  path  of 
hydrogen  transport. 


a.  The  “Old”  Yellow  Enzyme.  Extracts  of  yeast  cells  show  a  respiration 
which,  unlike  that  of  the  intact  cells,  is  not  sensitive  to  cyanide.'^®  Cyanide 
insensitive  respiration  has  also  been  demonstrated  in  anaerobic  bacteria. 
From  extracts  of  dried  brewer’s  yeast,  Warburg  and  ChristiaiH®  isolated  a 
flavoprotein,  later  designated  as  the  “old”  yellow  enzyme,  which  appeared 
to  account  for  this  cyanide-insensitive  respiration. 

TheorelF®  obtained  the  enzyme  in  essentially  pure  form  by  electrophoretic 
separation.  The  prosthetic  group  was  FMN,  and  the  absorption  spectrum 
showed  bands  at  380  and  465  m/x  which  disappeared  on  reduction.  From 
the  flavin  content  the  molecular  weight  was  estimated  to  be  about  80,000, 
a  value  which  was  confirmed  by  ultracentrifugal  measurements.®® 

TheorelF®  succeeded  in  dissociating  the  prosthetic  group  of  “old”  yellow 
enzyme  from  the  protein  by  means  of  dialy.sis  against  dilute  acid.  The  active 


enzyme  was  regenerated  when  the  two  components  were  mixed.  Later 
Warburg  and  Christian®^  introduced  a  more  generally  applicable  method 
for  this  purpose  which  involved  acidification  to  pH  1  to  3  in  the  presence 
of  ammonium  sulfate.  The  protein  component  is  precipitated,  and  the 
avm  remains  in  solution.  This  procedure  for  the  reversible  separation  of 
protein  and  prosthetic  group  has  been  successfully  applied  to  many  of  the 
known  flavoprotein  enzymes. 

The  role  of  the  “old"  yellow  enzyme  in  metabolism  is  not  known  It  is 
reduced  by  TPNH,».  or  DPNH,«  and  the  reduced  form  is  reoxidized  bv 
atmospherre  oxygen.  Its  activity  in  this  system,  however,  is  too  low  to 
ccount  for  more  than  a  fraction  of  yeast  respiration.  It  is  more  rapidlv 
.■eoxKhzed  by  methylene  blue,  hut  very  slowly,  if  at  all,  by  eytochZe  e 

77  n  Biochem.  Z.  231,  493  (1931) 

78  n  ^elle  u.  Gewebe  12,  157  (192')) 

H  Biochem.  Z.  264,  438  (1932)-  263  228  119311 

H.  Theorell,  Biochem.  Z  278  263  (1935)  (1933). 

•’  H.  von  Euler,  E.  AdS  atd  H  He  Z  f®’ 

aier,  and  H.  Hellstrom,  Svensk  Kern.  Tid.  47,  290  (1934). 
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“Old”  yellow  enzyme  has  been  isolated  only  from  yeast;  a  similar  enzyme, 
however,  has  been  shown  to  account  for  the  oxygen  uptake  of  anaerobic 
lactic  acid  bacteria,*^  which  contain  no  demonstrable  hemochromogens.  The 
hydrogen  peroxide  produced  in  such  respiration  kills  the  organism. 

Haas*^  has  described  the  step-wise  reduction  and  oxidation  of  “old” 
yellow  enzyme,  with  evidence  for  a  red  free  radical  which  has  undergone  a 
one-electron  change.  This  concept  of  two-step  oxidation  and  reduction 
involving  free  radical  formation  has  been  discussed  at  length  by  Michaelis 
and  Schubert.®^ 

The  protein  of  “old”  yellow  enzyme  also  combines  with  FAD  to  produce 
a  synthetic  enzyme  with  almost  identical  catalytic  properties.®^ 

b.  The  “New”  Yellow  Enzyme.  A  number  of  other  flavoproteins  have 
been  shown  to  catalyze  the  oxidation  of  the  reduced  pyridine  nucleotides, 
but  the  physiological  oxidant  for  these  enzymes  is  not  known.  They  are 
rapidly  oxidized  by  dyes  such  as  methylene  Idue,  react  sluggishly  with 
oxygen,  and  not  at  all  with  cytochrome  c.  The  wide  distribution  and  great 
activity  of  these  enzymes  has  stimulated  an  intensive  search  for  auxiliary 
enzymes  to  link  them  to  the  cytochrome  system,  but  none  has  yet  been 
reported. 

From  dried  brewer’s  yeast  Haas®®  isolated  a  yellow  enzyme  differing  from 
the  “old”  yellow  enzyme  in  both  protein  and  prosthetic  group.  Ihe  absorp¬ 
tion  maxima  occur  at  377  and  455  m/x,  and  the  prosthetic  group  was  identi¬ 
fied  as  FAD.  The  molecular  weight  calculated  from  the  flavin  content  was 
65,000.  The  protein  and  prosthetic  groups  were  separated  by  treatment 
with  acid  ammonium  sulfate;  the  protein  could  be  reactivated  only  with 
FAD.  While  the  enzyme  is  reduced  by  TPNH2  about  three  times  more 
rapidly  than  is  the  “old”  yellow  enzyme,  reoxidation  with  oxygen  is  about 
seven  times  slower.  Reoxidation  by  methylene  blue,  on  the  other  hand,  is 
very  much  more  rapid.  No  data  on  the  activity  of  this  enzyme  with  D1  NH, 
have  been  reported;  the  relation  between  this  enzyme  and  diaphorase  has 


not  been  determined.  _  . 

c  Diaphorase  or  Coenzyme  Factor.  The  oxidation  of  reduced  pyridine 

nucleotide  by  methylene  blue  was  observed  in  animal  tissues-  -  am  m 
bacteria  and  yeast. 'I'his  activity  has  been  referred  to  as  diaphoia.e 


•»  H.  von  Euler.  E.  Adler,  and  H.  Hellstrom,  Biochem.  Z.  260.  499  (1933). 

84  E.  Haas,  Biochem.  Z.  290,  291  (1937). 

85  L  Michaelis  and  M.  P.  Schubert,  Chem.  Revs.  22,  437  (1938). 

"e;  Mlstrani,  dr.ir.  Ke,ni  Mineral.  Geo,.  12B, 

..  H°v^  IsSand  H.  Hellstrom.  Z.  f 

89  j.  G.  Dewan  and  D.  E.  Green,  Biochem.  f  626 

90  D  E  Green  and  J.  G.  Dewan,  Biochem.  J.  32,  1200  (1938). 
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or  coeiizyme  factor.  In  animal  tissues  it  is  associated  with  insoluble  particles 
from  which  it  can  be  liberated  by  treatment  with  dilute  ammonium  sul¬ 
fate  and  ethanol  at  40°.  From  the  solution  thus  obtained  Straub^'  isolated 
a  flavoprotein  containing  FAD  as  the  prosthetic  group.  The  absorption 
maxima  are  found  at  359  and  451  uifi,  and  the  molecular  weight  is  / 0,000, 
about  the  same  as  that  of  previously  isolated  flavoproteins.  This  flavo¬ 
protein  was  showiF^  possess  the  catalytic  properties  of  coenzyme  fac¬ 
tor  (diaphorase).  The  purified  enzyme  is  reduced  by  DPNH2;  the  ac¬ 
tivity  with  TPNH2  was  not  reported,  although  this  activity  is  present 
in  crude  enzyme  preparations.®®  The  leucoflavoprotein  is  rapidly  reoxidized 
by  methylene  blue  but  reacts  sluggishly  with  oxygen.  No  physiological 
oxidant  was  found. 

Crude  enzyme  preparations  from  various  animal  tissues  show  vaiying 
ratios  of  activity  with  DPNH2  and  TPNH2,  suggesting  the  existence  of  at 
least  two  distinct  diaphorases.®® 

d.  Yeast  TPN- Cytochrome  c  Reductase.  In  the  purification  of  “new” 
yellow  enzyme  from  yeast,  Haas®®  made  the  observation  that,  although 
crude  preparations  had  the  ability  to  reduce  cytochrome  c,  this  activity 
was  lost  during  the  purification  procedure.  This  enzyme  was  subsequently 
isolated  by  Haas,  Horecker,  and  Hogness®'*  who  used  an  assay  system  in 
which  the  rate  of  cytochrome  c  reduction  was  measured  spectrophotometri- 
cally.  It  was  identified  as  a  flavoprotein  having  FMN  as  the  prosthetic 
group.  The  absorption  spectrum  showed  maxima  at  385  and  455  m^t,  and 
the  molecular  weight  calculated  from  the  flavin  content  was  75,000.  The 
preparation  was  shown  by  titration  with  cytochrome  c  to  be  about  87% 
puie.  A  small  amount  of  hemoprotein  contaminant  was  present,  but  this 
was  later  removed  by  an  improved  purification  procedure®®  and  shown  to 
be  unnecessary  for  the  enzymatic  activity.  The  product  had  a  purity  of 
98%.  Although  the  prosthetic  group  of  yeast  TPN-cytochrome  c  reductase 
IS  apparently  identical  with  that  of  the  “old”  yellow  enzyme,  the  two 
enzymes  differ  with  respect  to  their  catalytic  activities.  Cvtochrome  c 
reductase  is  more  rapidly  reduced  by  TPNH2  and  is  rapidly  reoxidized  by 
cytochrome  c;  the  latter  reaction  occurs  slowly  if  at  all  with  “old”  yellow 
enzyme.  Cytochrome  c  reductase,  on  the  other  hand,  shows  very  little 

The  prosthetic  group  of  yea.st-cytochrome  c  reclucta-se  is  reversibly 
d,ssoc.ated  from  the  protein  l,y  treatment  with  rndd  in  the  prince  of 

F.  B.  Straub,  Biochem.  J.  33,  787  (1939). 
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•<  E.  Haas,  B.  L.  Horecke;  and  T  P  H  ’  «939). 

E.  Haas.  C.  J.  Harrer  and  T  R '  H  “  ^"'7'  „ '  136.  747  (1940). 

narrer,  and  T.  R.  Hogness,  J.  Biol.  Chem.  143,  341  (1942). 
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ammonium  sulfate.  The  flavin  obtained  exchanges  quantitatively  with 
that  of  “old”  yellow  enzyme  but  is  inactive  in  the  D-amino  acid  oxidase 
test  for  FAD.  The  protein  of  cytochrome  c  reductase,  however,  is  re¬ 
activated  by  FAD,  although  the  catalytic  activity  obtained  is  about  one- 
third  less  than  with  FMN.®®  This  combination  with  FAD  resembles  that 
observed  in  the  case  of  the  “old”  yellow  enzyme.  In  each  case  a  “synthetic” 
enzyme  is  formed  where  catalytic  properties  are  largely  determined  by  the 
nature  of  the  protein  component. 

e.  Liver  TPN-Cytochrome  c  Reductase.  In  animal  tissues  TPN-cyto- 
chrome  c  reductase  is  associated  with  insoluble  particles,  together  with 
diaphorase,  and  for  many  years  the  existence  of  a  separate  cytochrome  c 
reductase  was  not  established.  The  enzyme  was  obtained  in  solution  by 
tryptic  digestion  of  a  homogenate  prepared  from  pig  liver  acetone  powder.®^ 
TPN-cytochrome  c  reductase  isolated  from  these  solutions  was  identified 
as  a  flavoprotein  with  FAD  as  the  prosthetic  group.  The  enzyme  was 
dissociated  into  protein  and  prosthetic  group  by  the  method  of  Warburg 
and  Christian. The  fla^dn  was  identified  as  FAD  by  its  activity  in  the 
D-amino  acid  oxidase  test  and  also  by  the  increase  in  fluorescence®*  which 
occurs  when  FAD  is  hydrolyzed  to  FMN  and  adenylic  acid  by  nucleotide 
pyrophosphatase  from  potato.®  The  absorption  spectrum  of  the  purified 
enzyme,  with  absorption  bands  at  380  and  455  m/x,  is  shown  in  Fig.  7.  From 
the  flavin  content  the  molecular  weight  was  estimated  to  be  68,000. 

In  spite  of  the  difference  in  prosthetic  groups,  the  catalytic  activity  of 
TPN-cytochrome  c  reductase  is  essentially  identical  with  that  of  the  yeast 
enzyme.  In  the  presence  of  excess  TPN,  reduced  with  hexosemonophosphate 
and  glucose-6-phosphate  dehydrogenase  (Zwischenferment)  the  turnover 
number  was  found  to  be  1140  moles  of  cytochrome  per  mole  of  flavoprotein 
per  minute  with  the  liver  enzyme  and  1300  with  the  yeast  enzyme.  Cyto¬ 
chrome  c  reductase  from  liver  also  resembles  the  enzyme  from  yeast  m  the 
behavior  of  the  protein  component  with  FAD  and  FMN  (Tal,le  3).  In  ead> 
case  the  enzyme  reconstituted  with  FMN  is  more  active  than  witli  FAD, 
despite  the  fact  that  the  natural  prosthetic  group  of  the  liver  enzyme  is 

^  The  TFN-cytochromc  c  reductases  appear  to  function  without  the  par¬ 
ticipation  of  accessory  enzymes  or  factors.  In  the  purified  preparations, 
both  from  yea-st  and  liver,  the  virtual  absence  of  hemoprotem  contaminants 
is  shown  by  the  absence  of  the  Sorct  band.  Although  the  introduction  o! 
such  a  factor  with  the  impure  Zwischenferment  preparations  has  not  been 
ruled  out,  evidence  against  this  possibility  is  available  in  the  case  of  live 

..  E  Haas,  B.  L-  Horecker,  and  T.  R.  Hogness,  unpublished  observation. 
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cytochrome  c  reductase.  This  was  found  to  have  identical  activity  in  a 
test  system  in  which  the  Zwischenferment-glucose-6-phosphate  system  for 
the  reduction  of  TPN  was  replaced  by  isocitrate  and  isocitric  dehydrog¬ 
enase. 

f.  DPN-Cytochrome  c  Reductase.  The  reduction  of  cytochrome  c  by 
reduced  DPN  was  observed  by  Lockhart  and  Potter^®  with  suspensions  of 
pig  heart  and  a  soluble  DPN-cytochrome  c  reductase  from  yeast  was 
reported  by  Altschul,  Persky,  and  Hogness.^”®  The  enzyme  was  also  purified 
by  HeppeP”^  from  liver  acetone  powder  suspensions,  where  it  was  found  to 
occur  together  with  TPN-cytochrome  c  reductase.  However,  although  the 
DPN-cytochrome  c  reductase  activity  is  twenty  to  thirty  times  as  great 
in  the  liver  preparations  as  is  the  corresponding  activity  with  TPN,  it 
is  completely  destroyed  by  the  tryptic  digestion  which  renders  the  TPN- 
reductase  soluble.  With  milder  digestion  procedures  a  preparation  is  ob- 


TABLE  3 

Activity  of  Reconstituted  Cytochrome  c  Reductases  with  FMN  and  FAD 


Source  of  Protein 

Activity 

FMN 

FAD 

Yeast . 

0.027 

0.035 

0.011 

0.030 

Liver . 

tained  which  is  considerably  purified  although  it  appears  still  to  be  asso- 
ciated  with  small  particles. 

Recently  Edelhoch  Hayaishi,  and  Tepley'”’  liave  obtained  solul.le  prepa- 

heait  pai  tides  by  freezing  at  pH  4  or  treatment  with  dilute  etlianol  Tlie 
izyme,  punhed  from  such  extracts  by  Maliler,  Vernon,  and  Sarkar  ■“  lias 

the  properties  of  a  flavoprotein,  althougi,  tlie  prostlietie  group  lias  not  vet 
been  identified  with  either  FMN  or  FAD  ^ 

nWH''”!  evidence  that  in  heart  muscle  the  oxidation  of 

referred\or'4lter>fL"L”'  a  component  which  has  been  since 

of  BAL  (British  Anti-Lewisite  o  ’”8ely  on  the  effect 

heart  muscle  preparations  with ’thi;  .subranceberdrral^rret“^ 

A  M  'iTifn  «•»'■  Chem.  137,  1  (1941 ) 

•H.  Edelhoch,  O.  Hayaishi  and  T  T  t’cs  i  r  n- 

H.  R.  Mahler,  L.  p.  Vernon  and  N  K  ?  T’  Ckem.  in  press. 

E.  C.  Slater,  Biochem.  J.  46,  484.  499  (19*)“’  Pcoc.  11.  263  (1952). 
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structioii  of  the  ability  of  these  enzymes  to  oxidize  DPNH2  with  cyto¬ 
chrome  c,  without  affecting  the  reaction  of  DPNH2  with  methylene  blue. 
The  participation  of  such  a  factor  in  purified  systems  has  not  been  demon¬ 
strated. 


2.  The  Flavoprotein  Oxidases 

a.  D-Amino  Acid  Oxidase.  A  number  of  flavoprotein  enzymes  have  been 
isolated  which  catalyze  the  direct  oxidation  of  substrate  by  oxygen,  with 
no  requirement  for  a  pyridine  nucleotide  coenzyme.  xVmong  these  is  D-amino 
acid  oxidase,  described  in  pig  kidney  acetone  powder  extracts  by  Krebs. 
The  flavoprotein  nature  of  this  enzyme  was  established  in  Warburg’s  labora¬ 
tory,  where  Warburg  and  Christiaid”®  isolated  the  prosthetic  group  and 
Negelein  and  Bromeh’’^  the  protein  component,  following  separation  of 
these  by  treatment  with  acid  ammonium  sulfate.  The  prosthetic  gioup 
purified  by  extraction  with  phenol  and  precipitation  of  the  metal  salts  was 
identified  as  a  dinucleotide  containing  riboflavin  phosphate  and  adenylic 
acid  (Fig.  6).  This  was  the  first  identification  of  FAD  as  a  flavoprotein 
prosthetic  group.  The  assay  method  was  based  on  the  oxygen  uptake  with 
D-alanine  as  a  substrate  in  the  presence  of  an  excess  of  the  protein  com- 
Donent  This  method  is  highly  sensitive  and  specific  for  FAD  and  is  mos 
widely  used  for  the  determination  of  this  substance.  FMN  is  complete  y 
inactive.  FAD  can  also  be  assayed  by  the  fluorimetric  method  previously 
described.®  -  The  protein  component  was  obtained  m  highly  purified  form 
with  the  aid  of  the  same  assay  procedure,  except  that  FAD  was  added  111 

'’’"irthe  presence  of  catalase  the  oxklation  of  alanine  leads  to  the  formation 
uf  pyruvic  acid  and  ammonia. 

CII.  CIINH,  CO()II  +  iO,  CllrCO  COOH  +  Nil. 

However  hydrogen  peroxide  is  a  primary  product  of  the  reaction  and  in 
purified  preparation  free  of  catalase  this  reacts  with  pyruvic  acid  to  foiii 

acetic  acid.^®^ 

CHs-CHNIh-COOII  -h  O2  --  Clb-COOn  4-  NH3  -k  H.O 

Euzvmes  which  catalyze  the  oxidation  of  D-amino  acids  have  also  been 
1  111  molds  ''’®  but  these  have  not  been  identihed  as  flavopi  otems. 

‘‘T'tfAnirlcW  oxidates.  Krom  rat  liver  a  flavoprotein  has  been  iso- 

105  H.  A.  Krebs,  Biochem.  J.  29,  1620  (1935)^  (1938). 

...  O.  Warburg  and  W.  Christian  l<^ochc„u 

107  E.  Negelein  and  H.  Broinel, 

108  N.  II.  Horowitz,  J.  Biol.  Chem  164,  (  .  )■  26,  299  (1950). 

109  R.  L.  Emerson,  M.  Pugiss,  and  S.  ti.  King  , 
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lated"^’  which  catalyzes  the  oxidation  of  L-amiiio  acids.  The  prosthetic 
group  contained  1  mole  of  phosphorus  per  mole  of  flavin  and  showed  no 
extra  absorption  at  260  m/z  due  to  adenylic  acid.  These  properties  are 
consistent  with  FMN.  The  molecular  weight  was  120,000,  and  the  absorp¬ 
tion  maxima  occurred  at  360  and  460  m^t.  This  enzyme  exhibits  a  very  low 
catalytic  activity ;  with  L-leucine  as  the  substrate  the  turnover  number  was 
found  to  be  6  moles  of  substrate  oxidized  jier  minute  per  flavin  equivalent. 
a-Hydroxy  acids  were  oxidized  at  a  i-ate  which  was  about  three  times  the 
rate  with  L-leucine."®’ 

A  much  more  active  L-amino  acid  oxidase,  discovered  in  snake  venom  by 
Zeller,  has  been  isolated  by  Singer  and  Kearney"*  and  identified  as  a 
flavoprotein  with  FAD  as  the  prosthetic  group.  The  enzyme  has  a  molec¬ 
ular  weight  of  about  62,000,  and  the  spectrum  shows  absorption  bands  at 
389  and  465  m/z.  With  L-leucine  as  the  substi’ate,  the  turnover  number  at 
38°  IS  3100  moles  of  substrate  oxidized  per  minute  per  mole  of  flavin;  even 
crude  venom  has  higher  activity  than  the  purified  rat  liver  enzyme.  Snake 
venom  L-ammo  acid  oxidase  exists  in  active  and  inactive  forms  which  are 
interconvertible  under  the  influence  of  pH  and  inorganic  ions 
c.  Glycine  Oxidase.  Pig  heart  acetone  p,)wder  extracts  contain  an  en- 
zyme  which  oxidizes  glycine  or  sarcosine  to  glyoxylic  acid : 


CHaNHz-COOH  -f  AO2  CHO-COOH  -f-  NHj 

With  sarcosine  methylamine  is  produced  instead  of  ammonia.  Although  the 
nzyme  has  not  been  obtained  in  highly  purified  form  it  is  inactivated  by 

crarirti“r 

s,;s  .s™ . .  rro'rrs 

. . 

of  purines  described  by  Morgan  Stewart  i 
be  due  to  the  same  enzym  ^  Sih,^ 

“::r  ^  ^ 

(1944);  161,  583  (1945)  '  *  Ratner,  J .  BioL  Chevu  166,  421 

B  helin  and  E.  A.  Zeller,  Heh.  Ckim.  Acta  29.  1508  (1940) 

T  ^  Pharmacol.  Acta  2  C33 

T.  Singer  and  E.  B  Kearnev  Ar^h  »•  i,  ^  (1944). 

S.  Ratner,  V.  Nocito.  and  D.’e  aKenT7ii7n^’ 

F.  Schardinger,  Z.  t/nierswc/i  Mnh  ’  162,  119  (1944) 

E.  J.  Morgal  C.  lb  stlat  ^7/ G  TT- 

B94.  109  (1922).  ’  ^  Hopkins,  Free.  Roy.  Soc.  (London) 

•  Ball,  J.  Biol.  Chem.  128,  51  (1939). 
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group  is  still  in  doubt.  It  can  be  demonstrated  that  FAD  is  present  in  the 
enzyme,  but  all  efforts  to  reactivate  the  split  enzyme  with  FMN  have 
failed.  Ball  reported  the  activation  of  a  dialyzed  preparation  by  a  heat- 
stable  factor  which  could  not  be  replaced  by  FAD.  However,  this  reactiva¬ 
tion  has  been  attributed  to  a  non-specific  reactivation  which  could  be  ob¬ 
tained  with  several  metal  binding  agents.”^  Evidence  for  a  relation  of  FAD 
and  eiizvmatic  activity  has  been  obtained  by  Corran  et  and  by  Hor- 
ecker  and  Heppel,''^  who  found  the  catalytic  activity  to  be  proportional 
to  the  FAD  content  throughout  the  purification  procedure.  The  purified 
preparations  obtained  by  Ball  and  by  Corran  et  al.  did  not  show  the  typical 
flavoprotein  absorption  spectrum.  An  additional  component  was  present 
which  contributed  to  the  absorption  below  400  m/x  and  obscured  the  flavin 
bands.  A  more  active  preparation  of  milk  xanthine  oxidase  obtained  by 
Horecker  and  HeppeP-"  w'as  estimated  from  its  FAD  content  to  be  about 
C)2%  pure.  The  absorption  spectrum,  however,  was  essentially  the  same  as 
that  shown  by  Ball’s  preparation.  The  absorption  bands  were  removed  on 
addition  of  hypoxanthine,  providing  further  evidence  for  the  participation 
of  flavin  in  the  enzyme  action.* 

The  reduced  form  of  xanthine  oxidase  is  oxidized  by  molecular  oxygen  or 
by  methylene  blue.  It  will  also  react  with  cytochrome  c  at  a  rate  which  is 
about  one-half  the  rate  with  oxygen.'^"  However,  the  reduction  of  cyto¬ 
chrome  c  is  dependent  on  the  presence  of  oxygen,  and  very  little 
occurs  under  anaerobic  conditions.  This  requirement  of  oxygen  for  the 
reduction  of  cytochrome  c  by  xanthine  oxidase  has  been  explained  in  teims 
of  the  formation  of  a  free  radical  in  the  oxidation  of  the  leucoflavoproteni. 
Oxygen  would  be  necessary  to  form  the  free  radical  from  the  leucoform. 
Imt  the  free  radical  could  react  with  either  oxygen  or  cyochrome  c.t 
Mdk  xanthine  oxidase,  in  addition  to  its  activity  with  purines 
bvde  altr  atalyze-s  the  oxidation  of  DPNH,  with  oxygen  or  methy  e  e 
b  1  This  activity  was  fii-st  associated  with  a  milk  flavoprotein  isolated  by 
C,m-an  and  Green-  which  was  later  reported  to  be  identical  with  xanthine 

ThiS:  iu:lne“a/;h“;^ 

C  reduction.  „  Klenow,  Biochetn.  et  Biophys.  Acta 

u8  H.  M.  Kalckar,  N.  O.  Kjeldgaard,  and  H.  Klenow, 

6.  575  (1950).  H.  Gordon,  ami  D.  E.  Green,  fhoclie™.  X.  33, 

u9  H.  S.  Corran,  J.  C.  Uewan, 
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1694  (1939).  ckem.  178,  683  (1949). 

.  Horecker  and  L.  A.  tlepi  >  (1938). 

s.  Corran  and  D.  E.  Green,  Biochem.  J.  32,  2231  (1938) 
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oxidase. The  aetivity  with  ledvieed  coeiizyme  was  mueh  less  than  with 
hypoxaiithine. 

Xanthine  oxidase  has  been  partially  jiurified  from  liver. The  purified 
preparations  catalyze  the  oxidation  of  aldehydes,  purines,  and  DPXTK, 
much  as  does  the  milk  enzyme.  Although  flavoprotein  was  present  in  the 
purified  preparations,  it  was  not  shown  to  he  directly  related  to  the  enzyme 
activity. 

e.  Glucose  Oxidase,  Notatin.  Notatin  (or  penicillin  1^),  isolated  on  the 
basis  of  its  antibiotic  jiroperties,'^^-  was  identified  as  a  flavoprotein  which 
was  identical  with  the  glucose  oxidase  discovered  in  molds  liy  Aliiller.''^^ 
It  had  been  suggested  by  Franke  and  Detfner^"®  that  this  enzyme  was  a 
fla\ opiotein.  Xotatin  has  absorption  bands  at  377  and  455  ni/u,  and  the 
prosthetic  group  was  identified  as  FAI).'^^  However,  the  process  of  splitting 
the  enzyme  appears  to  denature  the  protein,  and  it  has  not  been  possible 
to  establish  that  FAD  will  restore  the  catalytic  ac.ti\'ity.  The  molecular 
weight  has  been  determined  by  sedimentation  measurements  to  be  152,000, 
which  IS  twice  the  eiiuivalent  weight  calculated  from  the  FAD  content! 
Thus  1  mole  of  enzyme  contains  2  moles  of  FAD.  The  purified  enzvme  has 
a  high  degree  of  specificity  for  ghicose*^^  and  has  been  employed'  for  the 
assay  of  this  sugar  in  biological  materials.  The  antibiotic  activity  of  notatin 
was  shown  to  lie  due  to  the  formation  of  hydrogen  peroxide' during  the 
cata  ytic  oxidation  of  ghicose.^^^.  .24  Xantldne  oxidase  was  shown  to  have 
similai  antibiotic  activity,i»«  and  presumably  this  would  be  true  of  other 
flavoproteins  which  react  with  oxygen,  unless  catalase  is  also  present 

f'""'"  C'  form  »f 

pioduct.  ""  "  the  priman-  „xi,latio„ 

f.  Fumaric  Hydrogenase.  Tliis  flavoprotein,  isolate,!  from  yeast  by 

.a  fit?’  I"  l>ave  the  u„i„ue  property  (fo  - 

a  flaroprotem)  of  eataly.ing  the  rechu-tion  of  a  substrate  rather  than  ul 

m  c  f'  ill ('hem.  131,  767  (1639) 
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-  H.  Bentley  a'.rd  A  ‘^^^3). 
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oxidation.  In  the  presence  of  dyes  such  as  methylene  violet,  lumarate  is 
reduced  to  succinate; 


Louco  (lye  +  fumarate  — *  Oxidized  dye  +  succinate 

d'he  prosthetic  ^rouj)  was  readily  removed  trom  the  protein  by  dialysis, 
charcoal  treatment,  or  ex])osure  to  acid  ammonium  sultate.  1  he  a(‘tivity  ot 


of  the  protein  component  was  restored  l)y  the  addition 
ological  reducing  agent  is  unknown. 


of  FAD.  The  physi- 


IV.  The  Hemoprotein  Enzymes 


The  importance  of  iron  enzymes  in  respiration  has  been  thoiougliK 
established  by  the  work  of  Warburg,  Keilin,  and  Theorell.  Whenever  isola- 


H 


tiou  'U.d  c,f  .-nzymes  has  la'cn  possihle  they  have 

„,„voa  <-ontain  ,livalent  or  t.ival<.nt  iron  in  the  I 

plex,  or  heme.  In  ,no.st  r,,,.  .liHerem 

.mrphyrins  is  availal.lo  in  sonm  >•7; .vailahlo.  and  in 
the  prosthetic  Rloup  hy  tiia  men  .mini)  from  the  protein  corn- 

some  cases  tins  separation  of  t  i(  pms  1  include  the  cvlochromes, 

P,men.,  is  reversible.  The  hemoprotein  '■->77  ;  ,rm,sporl, 

'vhiel.  a-  — m.l  with  the  activation  o,  '  ^ 

as  well  as  the  catalases  and  peroxidases,  ahiih  latabz 

hydrogen  peroxide. 
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1.  The  C’ytochkomes 

The  pijj-menis  now  known  as  the  eytoehronies  were  first  described  by 
MacMinin'^*  in  I88()  and  called  histohemal in.  They  were  rediscoverial  and 
given  the  name  cytochromes  in  1925  by  Keilin’*'*  wlio  obtained  evidence 
for  the  presence  of  three  components  and  confirmed  MaciMiinn’s  suggestion 
that  these  substances  function  as  respiratory  catalysts  in  the  intact  cell. 
In  the  reduced  form  these  substances  give  rise  in  veitebrate  and  inverte- 
biate  mus(*le,  yeast,  bacteria,  and  plant  cells  to  a  numbei’  of  absoi'ption 
bands.  Ihese  bands  occur  at  or  near  the  following  wavelengths,  depending 
on  the  tissue  e.xamiiu'd.'^^ 


Hand  a 

Wavelength  (in/.i )  OOo 


I) 

565 


c 

550 


(1 

520 


'I'lie  oxidized  foims  sliow  diffuse  liaiids  at  5()7  and  521)  niji.  Tlie  a,  b,  and  e 
bands  are  the  a  liands  of  eytoehromes  a,  li,  and  e,  respectively,  wli’ile  tlie 
d  band  is  formed  by  the  fused  d  bands  of  eytoeliromes  b  and  in  The  region 
between  4b>  and  455  ma  eoiitains  the  very  intense  y,  or  Soret,  liands  which 
are  not  readily  obseiaed  with  the  visual  speetrosmipe.  Under  some  eondi- 
tioiis  the  a  band  can  be  shown  to  be  due  to  two  eomponeiits,  one  of  wbiidi 
lorms  a  complex  with  carbon  monoxide.  This  has  been  designated  bv  Keibn 
and  flartree  a,s  cytochrome  a,'=h  Only  one  of  the  cytochromes,  cytochrome 
has  beCMi  obtained  111  soluble  form  and  piirihed.  The  structure  and 
unction  of  the  a  and  b  cytochromes  is  not  completely  understood  \ 
(Oinenieiit  source  for  the  stuily  of  the  cytochromes  is  the  heart  miiside 
preparation  of  Ke.hn  ami  Hartree-«  which  consi.sts  of  a  suspension  of  fine 
pai tides  prepared  Irom  waslied  minced  heart  muscle 

a.  Cytochrome  c.  Methods  have  fieeii  developed '  for  the  isolation  of 
cytochrome  c  from  yeast'-u  and  heart  muscle.'".  '|'|,e  nrocedn're  I 

chloia'<.e“’a,dd  "I  ‘f  ''  '"id  its  solubility'  h'lTri- 

p-operti" 

trii',ed"o.34%  Fe  ^l.'ietm'dh'r't'r'^'''  I>'<''lu't'Xh  eoii- 

H.'wover,i„,.spr:zr:-:.;:::r^:e::t.^ 

••0 
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(above  the  i.soelectrie  point)  a  product  containiuf>;  0.43%  Fe  resulted.  A 
similar  j)urificatiou  was  achieved  l)y  fractionation  with  ammonium  sulfate 
at  pH  10,''*^  by  means  of  which  a  colorless  fraction  was  separated  from  the 
Fe-containing  portion.  The  molecular  weight  calculated  from  the  Fe  content 
was  13,000. 

Isolated  cytochrome  c  in  neutral  solution  shows  absorption  bands  at 
408,  530,  and  095  mju  in  the  oxidized  form'^-  and  at  415,  520,  and  5.50  mju 
in  the  reduced  form.'**^  The  heme  group  is  not  readily  removed  by  treatment 
with  acid  acetone.  Following  hydrolysis  with  hydrochloric  acid  a  porphyrin 
can  be  isolated  which  is  referred  to  as  porphyrin  'Phis  porphyrin  differs 
from  protoporphyrin  IX  in  the  nature  of  side  chains  2  and  4  in  which  the 
vinyl  groups  are  replaced  by  thioether  bridges  with  cysteine  (Idg.  10). 


Fig.  10.  Cysteine  linkages  in  porphyrin  c 
with  that  of  protoporphyrin  IX. 


The  rest  of  the  structure  is  identical 


.\ltliovidi  sui'li  linkages  may  arise  seTOiiclarily  by  the  addition  ol  eptenie 
to  protoporphyrin  tinder  the  eonditions  of  hydrolysis, '«  they  also  are 
present  where  such  recombination  is  exelnded»‘  and  are  now  considered  o 
exist  in  the  intact  cytochrome  c  molecule.  The  binding  ol  these  groups  o 
protein  may  accoun't  for  the  difficnity  with  whiidi  the 

removial  from  the  protein.  'I'reatment  ol  cytochrome  c  with  I  vdi,  gen 
bromide  and  glacial  acetic  acid  results  in  the  hyilrolysis  oi  these  thioethei 
linkages  with  the  resultant,  formation  of  hematoporphyrm 

Oxidized  cytochrome  c  reacts  slowly  with  cyanii  e  to  oim  ’ 

plex'«'  '<«  in  which  the  alxsorplion  band  at  (Kl.o  mg  disappears  and  the  band 

HI  I).  Kcilin  and  H.  F.  Hartrec,  Himhem.  J.  , 

in  H.  Tlieoroll  an<!  A.  Akcsson,  ./.  .Ini-  t  lir/n.  .Scr.  63,  . 

>«  H.  Theorell,  EnzymoUnfia  6,  SS  (1{»3!)). 

H.  Theorell,  liiochein.  Z.  301,  201  (19.^0). 

...  K.  Zcilc  ami  11.  -Mc.vcr,  Z.  g/n/s»W.  262. 

...  K,  „i„  and  D.  Kcilin.  1  i  ) 
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at  530  m^i  is  shifted  to  535  A  similar  (*ompoimd  is  formed  with  azide 

at  high  coneentratioiis  of  this  siibstaiiee.'^'’  PArrieytochrome  c*  also  forms  an 
unstable  complex  with  hydrocyanic  acid.'^^ 

1  he  catalytic  activity  of  cytochrome  c  is  dne  to  the  alternate  oxidation 
and  reduction  of  the  iron  in  the  prosthetic  group.  It  has  been  shown  that  in 
intact  yeast  cells  at  least  95%  of  the  oxygen  uptake  occurs  by  way  of 
cytochrome  c.'*^  3  he  oxidized  form  is  I’educed  liy  enzymes  such  as  the 
IIN-  and  DPN-cytochrome  c  reductases,  suc(‘inic  dehydrogenase,  and 

others  including  a-glycerophosphafe  dehydrogenase.'^^  Except  for  the  Tl^N- 

cytochrome  c  reductases  these  enzymes  have  not  yet  been  isolated  in  pure 
foim,  and  they  may  contain  more  than  one  component  nece.ssary  for  the 
o\Tr-all  activity.  In  particular  the  role  of  cytochrome  1)  in  cytochrome  c 
reduction  remains  ob.scure.  Ball'®^  has  shown  this  substanee  to  have  a  lower 
oxidation-reduction  potential  than  cytochrome  c,  and  it  appears  to  partici¬ 
pate  in  electron  transport  between  certain  substrates  and  cytochrome  c 
In  the  cell  cytochrome  c  is  associated  with  particulate  fractions  (i  e  the 
mitochondria  and  microsomes  of  liver  cells'^^)  from  which  it  is  readily 
removed  hy  treatment  with  water.  There  is  evirlenoe  that  the  lamnd  form 
IS  ihfferent  from  isolated  eytoehrome  c.  Thus  endogenous  eytoehrome  e 

nrto'KirOTt™  “  aetii-itv  which  is 

im  to  lOtm  times  greater  than  that  of  added  eytoehrome  e  '‘n-'s,  ,  ,  , 

it  '-comes  aiitoxii  ! 

ihieh  t  aii”  ,  ^ells  contain  an  enzyme 

cular  oten.  c  by  niole- 

oxidase,  which  catalyzed  the  oxida'tion  "'‘'"I’l-'iol 

■•"  The  enzyme  is  highly  speci^i  rtrcLi^e^^^d  ::’Ti::::: 

E  Stannard,  J.  Biol.  Che„>.  172.  580  (PHS) 
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295,262(1938). 
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fore  reiuuiied  eytoehronie  oxi(la.se.  Since  the  activity  is  associated  with 
insoluble  {)articles,  its  isolation  has  not  yet  been  acconijdished,  but  born 
its  beha\’ior  with  metal-bindnifj;  aj2;ents  it  has  been  charactei’ized  as  a  henio- 
protein.  Prei)arations  of  (*ytochrome  oxidase  always  show  the  band  ot 
cytochrome  a  which  appears  to  be  related  to  the  enzymatic  activity,  the 
reduced  band  of  cytochrome  a  in  heart  muscle  prepamtions  appears  alonji; 
with  the  reduced  bands  of  cytochromes  b  and  c  when  these  preparations 
are  treated  with  s\u*cinate.  4'he  a  band  has  been  shown''^^  to  be  due  to  two 
components  (Fig.  11).  One  of  these  has  rediu'cd  bands  at  (>05  and  d.o'i 
ddie  second  component  has  bands  at  bOO  and  448  ibm  ^ind  torms  a  carbon 
monoxide  complex  in  which  the  bands  are  shifted  to  590  and  432  m^i.  Ihis 
component,  called  cvtochrt)me  as,  to  distinguish  it  from  cytochromes  a, 
and  ao,  reported  to  occur  in  bacteria,  has  properties  which  are  consistent 
with  those  of  cytochrome  oxidase.  It  also  appears  to  be  identical  with 
Atmimgsferment  described  by  ^Yarburg  and  his  co-workers.'®^  Cytochrome 
oxidase,  Atmungsferment,  and  cytochrome  a*  are  now  generally  considers 

to  be  the  same  enzyme.  .  . 

Atmunssferment  was  tl,e  name  K'n  en  hy  WarhmR  to  tl,e  enzyme  ah  1. 

catalyzes  the  primary  reduction  oi  oxytten  and  tluis  toims  t  re  eia  o 
Ife  <,n  transport  clndn.  d'ho  alrsorption  spe.drum  of  the  carrhon  mcmoxal 

;:m;n.nd  of ’this  substance  was  de.luced  from  I,-'®  7 

carbon  monoxide  an<l  lisld  on  tire  resp.ratnn,  oi  n.tact  yeast  ,<d  .»! 

been  shown"-  that  the  carbon  monoxide  compound  (il  hemoR  i  < 

dissociated  by  light.  'I'lie  obseryation  lliat  (lie  respiration  ol  yeast  cells 

cn/vme  (‘ombines  witn  oxygi  » 

the  enzyme.  8ince  tins  (nz\nu  of  oxviren.  It  was 

that  it  must  be  res|)on,sible  for  *  '’.'''"  "ke  inhibition  of  respiration  by 

further  olrseryed  (hat  the  ellect  o  ig  i  im  |  jj  j ,,^.,,,1.  With 

carbon  monoxide  was  dependent  upon  the  ^  ,„-.,tiye,  (he  ab- 

.ssiimplion  that  only  light  which  was  alrsoib, d  nas 


sorption  spectrum  was  determined  Irom  ^  m,„„„.l,romatic 

of  res|)iration  by  carbon  .'’‘""'’^'7',':"’'"o,‘t|ic  presence  of  carbon  monoxide 
light  sources  and  measurmg  'piip  spectrum  obtained  in  this 

|,oth  in  the  light  and  m  the  da.k  (I'lg.  1-).  >1 

Mot ‘it  Prosthetic  (Jroups,  C  l;iron<loii  les., 

1610.  Warlmrs,  .  r  20.  497  ( IShti). 

162  j.  IE  S.  Haldane  and  J.  T^.  Smith  J.  hym»- 

163  ().  VVarhurg,  Hiochem.  Z  177,  4<1  (  .-d- 


the  extent  of  reversal  of  inhibition 


cy  by  {a+a^)Y  {h^c)ji  ca  h(r  Bands 

■ - J - [ - 1  - 1 - [ - • - 1 - - - 

410  '  420  430  440  430  460  470  480  490  500  '  550'  600  650  700  750  Xmn. 
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Fk;.  11.  The  al)S()r|)l ion  l)an(ls  of  the  cylochronies.  (From  Keilin  and  Hartreo.) 
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Fig.  12.  The  action  of  light  on  the  carlion  monoxide  inhiliition  of  respiration. 
(From  Warburg.) 


Wavelength,  m/i 


K,r..  13.  Carbon  monoxide  componn.l  of  the  oxysen-tra,. sporting  respiratory 
zyme.  (From  Warburg.) 
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j  manner  showed  a  very  intense  Soret  hand  at  430  mfj.  and  a  strong  band  at 
590  mfjL,  with  weak  bands  at  520  and  540  The  tiands  of  the  cyto- 

ehrome  as-carbon  monoxide  complex  coincide  with  the  strong  bands  of 
I  Atmnngsferment.  The  general  character  of  the  absorption  spectrum  con¬ 
firms  the  hemoprotein  nature  of  this  enzyme  (Fig.  13). 

Although  the  enzyme  itself  has  not  been  isolated,  heme  compounds  with 
the  spectroscopic  properties  of  Atmungsferment  have  been  isolated  from 
various  sources,  including  the  snail  Spiroyraphis  spallanznnii,^^^  heart  mus- 
(.|p  166,  1  67  Coryncbacicrium  diphthcriav Spiroyraphis  hemin  differs 

from  protohemin  in  the  presence  of  a  formyl  gi'oup  instead  of  the  vinyl 
group  in  position  2.'®^  Heart  muscle  and  Corynchacterium  hemin  a  also 
possess  an  aldehyde  side  chain  which  has  not  been  further  identified. 

The  conventional  method  tor  the  study  of  cytochrome  oxidase  is  based 


on  the  rate  of  oxygen  uiitake  with  a  suitable  substrate  present  to  reduce 
cytochrome  c.  Hydroipiinine,  p-phenylenediamine,  and  ascorbic  acid  have 
been  used  for  this  purpo.se.  These  methods  have  been  critically  evaluated 
by  Slatei C  ytochrome  oxidase  ai'tivity  can  be  followed  spectrophoto- 
metrically  by  measurement  of  the  rate  of  disappearance  of  the  reduced 
band  of  cytochrome  c  at  550  m/z.'®®> 

c.  Cytochrome  b,  Succinic  Dehydrogenase,  Yeast  Lactic  Dehydrogenase. 
In  heart  muscle  preparations  the  reduced  bands  of  cytochi-ome  b  appear, 
together  with  those  of  cytochromes  a  and  c,  on  addition  of  succinate.'®® 
Ihis  would  indicate  that  all  the  cytochrome  components  are  involved  in 
succinate  oxidation,  and  the  entire  complex  is  therefore  known  as  succin- 
oxidase.  For  the  reduction  of  methylene  blue  by  succinate  the  cytochromes 
with  the  possible  exception  of  cytochrome  b,  are  not  reipiired.  This  activity 
IS  referred  to  as  succinic  dehydrogenase.  The  coupling  between  succinic 
dehydrogenase  and  cytochrome  oxidase  has  been  shown  to  recpiire  a  col- 
loKlal  Iraniowmk  such  as  ,s  present  in  tlie  particulate  suspensiun  whicli 
can  he  provale, I  by  aluminum  hydroxide  ReP'-  or  hv  denatured  Riohin 
EM.Ieia-e  „r  an  enzymatic  component  between  <-yt<K'hrome  b  ami  .■yto- 

eZhri  iriuT"  ™"r'  W'“'  heart  mns.de  preparations 

«ith  BAL,  sucemate  addition  will  result  in  the  reduction  of  methyl- 

K»h';«ilii  lual  th  Maas,  266,  2-17  (1032). 

.  J.  tox,  I  roc.  Roy.  Soc.  (London)  B99,  10!)  (10‘>()) 

Iv  Nogf'loin,  liiochem.  Z.  266,  412  (Wm  '  “ 

>6S  45.  247  (1040). 

ir.  Cl'^’Alhaum  J ‘iv 242,  1.3.3  (103(5). 

J.  X.  Stamiunl  and  <^'>4(5). 

T  L.  Iloreckor,  K.  Sto  ’  Jt  o’  o  500  (104, S). 

-a  Kehia  an.1  K.  K. 

y  .  hlater,  Biocheni-  J ,  46,  14  (1949),  ' 
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ene  blue  V)\it  the  activity  with  oxysen  is  absent.  Cytochrome  oxidase  ac¬ 
tivity  in  s\ich  preparations  is  still  intact.  Spectroscopic  examination  shows 
that  only  cytochrome  b,  but  not  cytochrome  c  or  cytochrome  a,  is  reduced 
in  B.\L-treated  preparations.  These  results  suggest  that  a  factor  has  been 
destroyed  which  catalyzes  the  reaction  between  cytochrome  b  and  cyto¬ 
chrome  c.  The  same  fa(*tor  is  recpiii-ed  for  the  reduction  of  cytochrome  c 
In’  DPXII 2  (see  j).  305)  except  that  in  this  ca.se  cytoclu-ome  b  is  not  reduced. 
On  this  basis  cytochrome  b  is  a.ssigned  a  special  role  in  the  oxidation  of 
su(*cinate.  Cytochrome  b  and  succinic  dehydrogenase  may  be  identical, 
although  some  evidence  for  their  separation  is  available. 

Lactic  dehydrogenase  in  yeast  differs  from  the  muscle  enzyme  in  the 
lack  of  a  reciuirement  for,  or  reaction  with,  I)PX.  The  yeast  enzyme  has 
been  purified  by  Bach,  Dixon,  and  Zerfas'"^  and  found  to  be  a.ssociated 
with  a  hemoprotein  with  reduced  bands  at  530  and  550  mu  which  has  been 
designated  as  cytochrome  1)2.  The  reduced  bands  appear  instantly  on  addi¬ 
tion  of  lactate,  but,  as  in  the  case  of  heart  muscle  .succinic  dehydrogena.se, 
the  identity  of  the  hemoprotein  with  lactic  dehydrogena.se  has  not  been 
fidly  established.  Crude  preparations  will  reduce  cytochrome  c,  but  this 
activity  is  diminished  on  purification.  An  additional  factor  is  thought  to  be 
re(iuired  for  the  reaction  with  cytochrome  c.  The  reduced  cytochrome  1)2 
is  slowly  reoxidized  by  air. 

In  Cortjnehactenum  diphtheriac  a  hemoprotein  which  resembles  cyto¬ 
chrome  b  is  formed'"®  in  large  (luanfities  when  the  organisms  are  grown 
in  the  presence  of  high  concentrations  of  iron.  The  formation  of  hemopro- 
tein  piiiallels  a  decrease  ni  the  elal.oralioii  of  toxin,  and  tliis  lias  led  to  the 
suKSestion  that  the  toxin  is  the  lirotein  part  of  cytochrome  h,  or  a  preenrsor 
of  it.  The  hemoprotein,  obtained  by  sonic  disruption  ot  the  bacterial  cells, 
resemliles  heart  muscle  cvtochi'ome  li  in  its  reduction  by  succinate.  1  he 
redu<-ed  form  reacts  slowly  with  oxysen  but  is  not  oxidized  liy  cytochrome  c. 

d  The  Hemoprotein  Enzymes  in  Electron  Transport.  1  he  path  ol  e  ec- 
troiis  in  snlrstrate  oxidation  may  tentatively  be  summarized  by  the  scdieme 

on  the  following  pane.  .  ,  ,  .  ,  . 

In  this  .scheme  no  function  has  been  assisned  to  cytochrome  a,  ni  l 

may  be  a  component  of  cytochrome  oxidase.  The  role  of  -'"‘P  ."'.ase  an.  ,.f 
cytochrome  b  still  re.iilires  clarilication.  iMirther  evidence  loi  th  .  ■ 
enco  of  the  enzyme  referred  to  as  Slater’s  factor  is  reiiuirec  . 

2.  Lnzymes  Utibizi.xg  IIydkooen  Peroxide 
a.  Catalase.’xearly  all  plant  and  animal  ti.s.sues 


isms 


.  Catalase.  Aeariy  an  [muhv  . . 

s  possess  the  ability  to  decompose  hydroK.'ii  per.ixide,  imniK 


me.  tVi.lnier,  Jr.  ii.i.l  K.  Slotz,  llySW  '‘““J; 

m  S.  .1.  Bad,,  M.  Ilixen,  aii.l  b.  d.  Zefas,  '  '' 

.\.  .M.  I’appcnlieimcr,  Jr.,  J.  Hiiil.  Clifin.  167,  -el  IIWi). 
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presence  of  enzymes  known  as  catalases.  Zeile  and  Ilellstrdm'^^  established 
that  hematin  is  a  component  ot  catalase.  The  enzyme  was  hrst  crystal¬ 
lized  from  beef  liver  by  Sumner  and  Doiince'^^  and  has  since  been  crystal¬ 
lized  from  blood,  kidney,  and  bacteria.  Catalase  acti\’ity  is  senerally  deter¬ 
mined  by  the  method  of  Euler  and  Josephson'™  in  which  residual  peroxide 
is  titrated  with  permanganate.  For  kinetic  studies  this  method  is  of  limiteHl 
applicability,  since  enzymatic  activity  decreases  during  the  determination 
and  the  true  initial  activity  cannot  be  precisely  determined.  This  difhculty 
is  met  in  the  rapid  titration  method  of  Honnichsen,  Chance,  and  Theorelh^'’ 
which  permits  the  use  of  high  catalase  concentrations,  since  the  assay  is 
completed  within  the  hrst  minute.  Hesults  olitained  with  this  method  at 


Substrate 

^Dehydrogenase 


TPN  or  DPN 


Cytochrome  reductases 


Diaphorase 

,  i 

Slater’s  factor 

I 

Cytochrome  c 

,  1 

Cytochrome  oxidase  (as) 

I 

Os 


Substrate 

I  Dehydrogenase 

Cytochrome  b  or  6} 

I 
I 
I 

t 

Os 


l.isl.er  ,.„,u-e„tration»  „f  catala-sP  an,l  l,y,l,„Ken  „e, oxide  slu.w  muoh  InKher 

‘It  "'■“'"'■"•'trio  method  has 

also  been  introduced  by  Appleman.'’^i 

Catalase  cootains  piotopoiphyrii,  IX  and  iii  addition  varial.le  ciuantitios 
ol  l„l,verd,n,«ylopendinK  on  tl.e  method  of  preparation. '«=  Catalase  eon- 

4)0tt)  al'™  I  r,  'n.c  moleeular  weight  is  about 

-  ,)«l,  ■  “'“I  »l>e  iron  eontent  is  about  (l.0i)%.  Each  moleenie  therefore 


177 


,78  ^  physiol.  Vhem.  192,  171  (KKIO) 

;:;;b  AlZlrTilTS-C'll,  TTTS,;'-  -  <-)• 

,,  “"‘I  W.  LeRgr,  Uwekem.  37,  117  (llipj) 

i.ymnichseM,  ,  ri„  nem.  Sc<f,„l.  2,  ,501  ,1948) 

.1.  B.  Sunmer  ami  N'.  (In, leu,  J.  Chem  126  33  ,,938, 

K.  .3g.,er,  Hhchm.  J.  32,  ,702  (,9.3s)  '  ^ 
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contains  4  atoms  of  iron.  This  is  present  in  the  ferric  form  and  is  reduced 
with  great  difficulty,  in  contrast  with  other  liemoproteins.  The  absorption 
spectrum  shows  hands  at  400,  530,  and  023  m/xd'*^  These  hands  are  displaced 
in  the  presence  of  cyanide,  azide  or  fluoride,  indicating  compound  formation 
with  these  suhstances.'*® 

A  new  role  for  catalase,  other  than  the  decomposition  of  hydrogen  perox¬ 
ide,  was  discovered  hy  Keilin  and  Hartree,'®^  who  observed  that  in  the 
Ijresence  of  high  concentrations  of  catalase  and  a  suitable  substrate,  such 
as  ethanol,  hydrogen  peroxide  formed  by  enzymatic  action  was  not  decom¬ 
posed  but  instead  was  used  for  the  coupled  oxidation  of  the  substrate; 


xanthine  oxidase 


catalase 


Uric  acid  -f-  H2O2 
-t  Acetaldehyde  -t-  21120 


Xanthine  +  O2 
J'dhanol  -f  fbO* 

Since  atlded  hydrogen  peroxide  was  not  as  efficiently  utilized  as  hydrogen 
peroxide  generated  in  situ,  this  reaction  was  attributed  to  a  nascent  form 
of  hydrogen  peroxide  which  was  formed  enzymatically.  The  mechanism  of 
this  reaction  was  clarified  by  Chance,'®®  who  showed  the  “pc'i’oxiflative” 
activity  of  catalase  to  be  not  essentially  different  fiom  the  catalatic 
(hydrogen  peroxide  decomposing)  activity.  By  a  study  of  the  spectial  ab¬ 
sorption  changes  in  catalase-hydrogen  peroxide  mixtures  with  a  modifica¬ 
tion  of  the  rapid-flow  apparatus  of  Houghton  and  Millikan,'®®  Chance 
obtained  evidence  for  primary  and  secondary  complexes  of  catalase  with 
hydrogen  peroxide.  In  terms  of  the  formation  of  these  complexes  the  perox- 
idative  and  catalatic  activities  of  catalase  may  be  represented  as  follows: 

(1) 

(2) 

(3) 


E  +  H2O2  ->  E  H2()2 
E-H.Oo  +  ll2()2  — »  b  -t-  2II2O  +  <>2 
E- 11.02  +  A  K  +  H.O  +  40 


where  1  is  tiie  substrate  wl.icli  is  uiiclerKci.ig  euuplecl  oxidation,  svicl.  as 
ethanol.  Chanee  showed  rea<.tion  2  to  he  very  rapid  and  therelore  to  pre¬ 
dominate  when  the  l.vdrogen  peroxide  concent  ration  is  lugh  relative  to  tha 
of  catalase.  Heaction  3  is  found  to  occur  when  the  conceiitratioii  ol  accepto 
is  high  relative  to  the  concentration  of  peroxide.  When  all  the  peroxide  . 
houiul  as  in  equation  1,  then  none  is  tree  to  rea.'t  as  m  equation  -J'")  ' 

utilized  quantitatively  for  reaction  3.  This  is  the  situation  in  he  exp 
ments  of  Keilin  and  llartree  in  which  endogenously  j 

oxide  ill  the  presence  of  high  catalase  concentrations  is  qiiantitatueb  . 

...  D.  Keilin  an, I  K.  K.  llarlree,  /■me.  fte,./.  -SV.  (/...»./»»)  B121.  172  |1|I36). 

...  D.  Keilin  an, I  K.  K.  llartree,  /'.w.  -W.  1  B119.  ^ 

...  H.  Chance.  Hioche,,,.  ./.  ^  ^  goc.  I  A166. 26S  1 1936). 

F.  J.  VV.  Houghton  and  G.  A.  .Mulikan,  i  loc.  j 
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for  the  coupled  oxidation.  Added  pei’oxide,  on  the  other  hand,  is  decom¬ 
posed  by  the  very  rapid  reaction  2  before  much  of  it  can  be  used  in  reaction 
3.  The  concentration  of  catalase  in  tissues  is  much  higher  than  is  necessary 
for  the  simple  decomposition  of  hydrogen  peroxide,  indicating  that  the 
major  function  of  this  enzyme  is  peroxidation. 

b.  Peroxidases.  Like  the  catalases,  the  peroxidases  contain  hematin  as 
the  prosthetic  group  and  activate  hydrogen  peroxide  for  oxidation  reac¬ 
tions.  They  differ  from  the  catalases  in  the  absence  of  catalati(*  activity; 
they  do  not  catalyze  reaction  2,  which  repi’esents  the  oxidation  of  one 
molecule  of  hytlrogen  peroxide  by  another.  Cdiance'®'*  has  shown  that  per¬ 
oxidase  activity  may  be  represented  I)}'  e(inations  1  and  3.  In  general, 
peroxidases  are  active  with  a  wide  vai'iety  of  substrates  including  jjhenolic 
compounds,  amines,  and  lenco  dyes,  whereas  the  pei'oxidative  activity  of 


the  catalases  is  limited  to  such  hydroxyl  compounds  as  alcohols 


I9I 


or  ni¬ 


trite. The  classical  method  for  the  determination  of  peroxidase  activity 
is  based  on  the  formation  of  pnrpnrogallin  in  the  oxidation  of  pyrogallol.*®* 
Hemoproteins  all  possess  some  peroxidative  activity,  and  in  most  animal 
tissues  hemoglobin,  myoglobin,  and  the  cytochromes  account  for  the  low 
pel  oxidative  aidivity  present.  Most  plant  tissues,  however,  contain  hemo¬ 
proteins  with  much  greater  activity,  dliese  are  designated  as  peroxidases. 
Of  these  the  best  known  is  horseradish  peroxidase  which  has  been  isolated 
in  crystalline  form  by  Theorell.>«^  The  absorption  spectrum  resembles  that 
of  acid  methemoglobni,  with  maxima  at  402,  .aOO,  and  040  The  iron 

IS- present  m  the  tnvalent  form.  Treatment  with  cold  acid  acetone  dissoci¬ 
ates  horseradish  peroxidase  into  the  protein  and  hemin  components  When 
the^  are  ,e™mhin«l  the  speetrt.m  and  peroxniase  aetivity  are  restnred-'. 

le  piob  retie  (rroiip  ot  }iorseradis)i  peroNidase  is  protohematin  IX  hut 
SOTie  aetivity  isi.btained  with  mesuhematin  (with  tile  vinyl  sroiips  lediieed 

e.  y  si„ii|)s)  as  well  as  with  deiiterohemiitin  (with  the  vinyl 
removed  and  replaced  hy  hydrogen).  '  ^ 

In  addition  to  peroxidase  activity,  horseradish  peroxidase  catalyzes  the 
uptake  ol  ox.vgen  with  ililiydioxymaleic  acid  as  the  siihstrate  '•«  Traces  of 
kVd.ogen  peroxiile  are  essential  for  this  activity,  and  tlie  react .  is  iniiih- 

151,  553  (1943). 

.92  T  ■  Biocher,!.  J .  39,  293  (1945) 

K  W  WilU  J-  ('hem.  178,  549  (1949) 

-  H  269  ,1923).  ^ 

.96  u  J  h^nzymologia  10,  3  (1942).  ' 

H  ^lineral.  Geol .  14B,  No.  20  (1940) 

II.  Iheoroll  and  A.  Maohlv  Ari,,  f'h  o  , 

H.  Theorell  and  H  r‘  t  -^22  (1950). 

(1940).  ‘  ■  '  27,  95  (1939);  Nature  146,  71 
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itod  by  carbon  monoxide.  This  can  be  interj)reted  in  terms  of  a  two-ste]) 
reaction  in  which  one  stej)  involves  the  feiroiis  form  of  the  peroxidase. 

Other  jdant  peroxidases  resemble  horseradish  peroxidase  in  absoiption 
spectra  and  the  prosthetic  Peroxidases  which  differ  in  color  and 

presumably  in  the  nature  of  the  prosthetic  group  have  been  found  in  animal 
tissues.  They  are  green  in  color  and  often  referred  to  as  verdoperoxida.ses. 
One  has  been  purified  from  leiu-ocytes  by  Agner,*®^  and  a  second,  called 
lactoperoxidase,  has  been  isolated  from  milk  by  Theorell  and  Paul.-'”’ 

Yeast  contains  a  peroxidase  which  is  highly  sj)ecific  for  reduc('d  cyto¬ 
chrome  It  is  a  hemoprotein  with  protohematin  IX  as  the  ])rosthetic 
group. 

In  animal  t issues and  bacteria-"*  the  oxidation  of  tryptophan  to  lor- 
mylkynurenine  is  catalyzed  by  the  adaptive  enzyme,  trvptoplian  peroxi¬ 
dase.  The  oxidation  recpiires  traces  of  hydrogen  peroxide  and  appears  to 
proceed  in  two  stages,  the  first  of  which  is  an  oxidation  of  tryptophan  by 
hydrogen  peroxide  and  the  se(‘ond  the  oxidation  of  the  product  by  oxygen 
in  which  hydrogen  peroxide  is  regenerated.  The  net  result  is  the  utilization 
of  one  mole  of  oxygen.  The  intermediate  product  has  not  been  isolated. 
From  inhibition  studies  both  the  ferrous  and  ferric  forms  of  the  enzyme 
(or  enzymes)  ap})ear  to  participate  in  the  catalytic  action. 


Tryptophan  -|- 


peroxi^_^  Intermediate 


Intermediate  +  (>2 


ox  iciase 


Formyl  kynurenine  +  Hit  >2 


V.  The  Copper  Enzymes 

\  widely  distributed  group  of  enzymes  known  as  the  tyrosina.ses  or 
nolvplienoi  oxidases  catalyzes  tlie  oxidation  of  phenolic  substances  by  oxy¬ 
gen'  Where  these  have  been  isolated,  they  have  been  shown  to  be  copper 
proteins  These  enzvmes  are  parti.adarly  abundant  in  plant  tissues  where 
they  mav  function  as  terminal  oxidases  in  place  of  the  .■ytnehrome  sys  enn 
the  rehdive  importance  of  the  phenol  oxidases  m  plant  ce  l  , 

however,  has  not  vet  been  determined.’" ■  'I'he  oxidation  ol  ascorbi,  .mil 
in  plant  tissues  is  also  due  to  the  pre.sence  ol  a  co|)per  enzyme. 

'•>  K.  .\Kiicr,  .Irld  I'hiiniol.  Sawd.  2-  ^  "1141  ).  (11144). 

II  Tlicorell  anil  K.  (1.  Paul,  .lid'O’  hcmi  .  ini'ii  ■  '  ’  (|i|40). 

...  .V  M.  .Mtscliul,  It.  .Minims,  ami  T.  H.  " 

...  W.  1-:.  Kni..x  ami  A.  II.  .Meliler,  J.  HM-  Chem.  178,  4  ,(  (1.1501, 

...(),  llayaishi  and  K.  al.nlism,  Tl.o  .Inlins  II.M>kins 

J.  M.  Nelson,  in  Ab'lilofV  <tn(l  C<l>is.s,  [  i 

Press,  Ihiltimorc,  l(»r)(),  p.  76.  The  Johns  Hopkins 

...  1).  I.  Arni.n,  in  .McHlroy  and  tllas,s,  Cnppcr  Mctaholism,  1 

I’ress,  Baltimore,  ll)r)(),  p.  <S9. 
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1.  Phenol  Oxidases 

a.  Potato  Polyphenol  Oxidase.  Tiie  first  of  the  phenol  oxidases  to  he 
isloated  was  the  i)olyplieuol  oxidase  of  tlie  white  potato  which  Kiihowit z“'*® 
demonstrated  t  )  l)e  a  (*oi)per  protein.  Dnrins  the  pnritication  procedure 
the  enzymatic  activity  was  found  to  he  proportional  to  the  cop{)er  content 
and  the  final  protluct  contained  0.12%  copper.  The  coi)per  could  he  le- 
moved  hy  dialyzing  the  enzyme  against  a  cyanide  solution,  lea\’ing  the 
inactive  protein  which  could  he  reactivated  hy  the  addition  of  copper  salts. 
Other  metals  wei’e  inactive.  Since  the  enzymatic  activity  was  inhihited 
hy  carhon  monoxide  as  well  as  othei  metal  hinding  agents  such  as  cyanide 
and  diethyldithiocarhamate,  Kuhowitz  concluded  that  both  the  cuprous 
and  cupric  forms  of  the  metnl  participated  in  the  enzyme  action  and 
postulated  that  copper  was  alternately  reduced  and  oxidized.  Kuhowitz 
employed  a  manometric  a.s.say  method  in  which  catechol  was  oxidized  to 
t)enzo(niinone.  However,  since  this  product  inactivated  the  enzyme,  the 
substrate  catechol  was  added  in  catalytic  amount  together  with  hexo.se- 
monophosphate,  Zwi.schenferment,  and  TPX.  fn  this  .sy.stem  gtuco.se-h- 
phosphate  ser\ed  as  the  ultimate  sul)strate,  since  the  henzcxjuinine  formed 
was  rapidly  reduced  to  catechol  hy  TPXIH: 


( Iluc().so-(i-plios|)hate  -|-  Tl’X 
Itoiiz()(iuiti()iie  -f-  TPXH.> 
C'atechol  -f-  ^().2 
bum:  (jliu*o.se-6-plu).sj)lia1e  -f  pta 


(i-I’liosphofflucoiiate  TP.\n> 
■  Oatccliol  +  TPX 
Benz()(iuiiione  -|-  IPO 
(i-Pliosphogluconato  +  II.., () 


The.se  reactions  seiA-e  as  a  model  for  tlie  oxidation  of  metabolites  hy  wav 
o  the  pyridine  nucleotides  and  the  phenol  oxichuses.  Dihydroxvpiienvi- 
alanme  fdopa)  formed  in  the  oxidation  of  tyrosine-"^  might  .ser\T  as  the 
natural  phenolic  carrier  lor  this  type  of  respiration.’'”^ 

b  Mushroom  Polyphenol  Oxidase.  .\n„tlior  of  the  phonol  oxidases  u  hieli 
has  been  the  .sii hjeet  „l  eonsideral.le  study  is  mushroom  polvplieuol  oxidase 
isolated  'ym  Ihe  ixiihle  mu.shroom  hy  Keiliu  aud  Mauu.-*  The  produet 
euutau,e,l  I  ..!%  , .upper.  Crude  preparations  show,.,!  little  relatiou  1  etweeu 
-'Pper  ..output,  aud  ..uzymatie  aetieity,  heeause  of  the  pre.seu,."  f  " 
i.iaettve  eopper.  lu  ,!».  more  purihed  preparations,  however  the  letivi 

Nolsou  obtained  a  preparat . .  0.2.u%  of  eopper.  It 

9i»R  I.”'  r--  I  .  .  *  * 


'Z  H  «  292,  .2.21  ( )!i:)7);  229,  112 

E.  S.  XolsoM  1  »•/./.  n;  i,  a  . 

209  n  U'es;r  1  rn  . ,  m.son,  .ifc/i.  liiochem.  4,  111  ( p)44  i 

sM-i.'t.oii,  j .  Am.  (  hem.  Soc.  61,  2946  (19.39). 
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not  known  whether  the  low  copper  content  of  Knhowitz’s  i)reparation  is 
(hie  to  the  ])resenee  of  copper-free  impnritie.s  or  whether  the  muslirooin 
preparations  contain  inert  copper  proteins.  None  of  the  preparations  thus 
tar  obtained  has  been  shown  to  consist  of  a  homogeneous  protein. 

The  ab.sence  of  evidence  for  homogeneity  has  jirevented  a  clarification 
of  the  dual  spe(*ificity  of  the  phenol  oxidases.  i\I(3st  preparations  oxidize 
both  monophenols  and  o-diphenols.  With  the  monophenols,  however,  the 
maximum  oxidation  rate  with  purified  enzymes  is  always  preceded  by  an 
induction  period  which  can  be  eliminated  by  the  addition  of  traces  (jf  di¬ 
phenol.-"  This  autocatalytic  behavior  with  monophenols  and  the  priming 
effect  of  diphenols  may  be  due  to  a  catalytic  role  of  diphenols  formed  in 
the  oxidation  of  the  monoj)henolic  substrate.-'-  Thus  the  oxidation  (3f  mono¬ 
phenols  appears  to  follow  the  pattern; 


1 

—OH 

^  2 

L 

=() 

/ 

(1) 


-Ofl 

-OH 


+ 


^Oi- 


(2) 


Reaction  I,  as  well  as  reaction  2,  is  enzymatically  catalyzed,  since  no  naic- 
tion  between  o-(juinone  and  monophenol  occurs  in  the  abseiu'e  of  enzyme. 
The  e-(juinones  are  not  end  products  of  enzymatic  action  but  undeign 
further  oxidations  and  condensations  with  the  ultimate  formation  of  insol¬ 
uble  polymers  like  melanin.  Among  the  phenolic  substances  oxidized  by 
the.se  enzymes  are  some  which  occur  naturally,  such  as  tyrosine  (1),^“’ 
dopa  (II),-"'  and  nru.shiol  a  phenolic  sulxstance  which  occurs  in 

plants  of  the  genus  Rhus. 

OH 


— (;  Ha  •  Cl  IN  H'j  •  (’  OO  H  R  <  (H  Ir  C  It-N  H  •  C  ( )  ( )  H  )  1 1 

II  1 

A/^ 


HO 


Cislb? 


HO 


I  11  IR 

c.  Laccase.  This  eT.zymo,  isolalcl  fnim  llie  latex  ,.f  the  laec|uei-  tree,”* 

•'ij  M  Nelson  aiiclC.lt.  Daws A, ImMes  I'li *.«'■>  0949). 

.O  A.  M.  Lenier,  T.  It.  KiUnatriek,  10.  Calkins,  and  W.  H.  Su.nmerson,  J. 

178,  1S.5  (1949). 

2>3  c:.  Hordner  and  J.  M.  Nelson,  J.  Am.  (  hem.  Soc.  61,  150/  (l.l.l.l). 

2'i  11.  Majima,  Her.  65,  172  (1922).  Mtum 

^15  I).  Keilin  and  T.  Mann,  Satiire  143,  23  (193.));  146,  .104  (1.  )• 
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is  a  blue  protein  containing  0.15%  of  copper.  On  addition  of  a  substrate 
solutions  of  laccase  are  decolorized  but  turn  blue  again  on  shaking  with 
air.  The  color  is  thus  shown  to  be  associated  with  enzymatic  activity.  The 
colored  component  could,  however,  be  obtained  free  of  copper.  In  the  case 
of  laccase  the  copper  present  does  not  seem  to  undergo  reversible  oxidation 
and  reduction,  since  the  activity  is  not  inhibited  by  carbon  monoxide. 

d.  Mammalian  Tyrosinase.  In  mammalian  tissues  tyrosinase  activity  is 
associated  with  insoluble  particles  in  skin^’®  and  melonomas.^^^  This  en¬ 
zyme  is  often  referred  to  as  dopa  oxidase,  since  dopa  is  thought  to  be  the 
natural  substrate.  However,  tyrosine  is  also  oxidized. 


2.  l-Ascorbic  Acid  Oxidase 

Extract  of  plant  tissues  catalyze  the  oxidation  of  L-ascorbic  acid  by 
oxygen : 


0=C- 


0=C- 


COH  O 


COH 


HC- 


+  lOj 


c=o  o 


c=o 


HC- 


+  H2O 


HOCH 


H2COH 


HOCH 


H2COH 


From  extracts  of  the  crook-neck  squash'**  and  cucumber'**  purified  prepa¬ 
rations  containing  0.15  to  0.25%  of  copper  have  been  obtained.  Since  L- 
corb.c  acid  oxidase  does  not  attack  mono-  or  diphenols,  it  is  distinct  from 
the  phenol  oxidases.  A  number  of  synthetic  copper  protein  complexes  have 
been  sho«n  to  have  ascorbic  oxidase  activity."*  This  activity,  however  is 

Zterr-f“i.M'‘‘ complexes  form  hyd’ro- 
Sid  oTw^e"  '  "  by  ascorbic 

m  r'  w  (1929). 

H.  Hogeboom  and  M.  H.  Adams  /  Rir^i  Ch  ixr  r 

;;;  H.  Tauber  fir.et.  ^ari,™/„rac5. “'soi  (1938?  ’ 

220  c  (1940). 

J.  F.  McCarthy,  L.  F  Green  nnH  P  P  r.'-  r  r. 

een,  and  C.  G.  King,  J.  Biol.  Chem.  128,  455  (1939). 
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1.  introduction 

1.  The  Concept  and  Definition  of  a  Coenzyme 

Our  present  concept  of  coenzymes  derives  from  the  observation  of 
arden  and  Young  that  Buchner’s  yeast  juice  could  be  separated  by  dialv 
SIS  into  a  crystalloidal  and  a  colloidal  fraction.  Neither  frLtion  was  active' 
alone,  but  activity  wa^  restored  by  recombination  of  the  two  fractions 

?o^'S:“  -  the  coensyme 

co“x:b“ie':;:::X" 

enzyme  At  Lt  1  *  experimental  demonstration  of  a  eo- 

dialyzable.  and  capable'of  ‘'rctivltog-’  or  ‘CactivItiTig>>"an 

that  materials  capable  of  activating  enzymes  coL  bV^LXtnToTo 

■  A.  Harden  and  W.  J.  Y„n„,,  y. 
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large  groups: 

1.  Inorganic  cations  and  anions, 

2.  Low  molecular  weight,  heat-stable  organic  molecules. 

With  the  isolation  and  crystallization  of  enzymes,  the  process  of  enzymatic 
catalysis  was  studied  in  great  detail.  From  these  studies  it  was  soon  evident 
that  many  active  enzymes  exist  as  a  complex  of  a  protein  associated  with 
a  non-protein  prosthetic  group.  Such  an  enzyme  complex  is  known  as  an 
“holoenzyme.”  When  the  prosthetic  group  is  removed  from  the  protein, 
the  inactive  enzyme  is  known  as  an  “apoenzyme,”  viz: 


Holoenzyme  =  Apoenzyme  -f-  prosthetic  group 


The  prosthetic  group  is  loosely  referred  to  as  the  coenzyme.  But,  as  was 
mentioned  earlier,  certain  metals  and  inorganic  ions  may  also  function  as  a 
prosthetic  group.  It  is  customary  to  reserve  the  designation  “coenzyme” 
for  the  prosthetic  groups  of  an  organic  nature.  Therefore,  although  recog¬ 
nizing  the  apparent  impossibility  of  fitting  nature  to  the  rigid  mold  of  a 
man-made  definition  without  modifying  statements  and  subsequent  ex¬ 
ceptions,  for  the  purposes  of  the  present  discussion  a  coenzyme  may  be 
defined  as  a  small  organic  molecule  which  is  relatively  heat-stable  and  whose 
presence  is  absolutely  essential  for  enzyme  action. 


2.  General  Properties  of  the  Coenzymes 

a.  Dissociation  from  the  apoenzyme.  The  coenzymes  exhibit  aU  degrees 
of  dissociation  ranging  from  the  relatively  freely  dissociable  diphospho- 

pyridine  nucleotide  (DPN)  and  the  difficulty  dissociable  flavin  adenine  di- 

nLleotide  (FAD),  to  the  apparently  undissociable 

degree  of  dissociation  of  a  single  coenzyme  will  vary  mth  the 

which  it  is  bound,  as  well  as  the  state  v  ^0- 

has  a  dissociation  constant  from  alcohol  ^ehydrogenje  of  9_  ^  W 
and  the  reduced  coenzyme  has  a  dissociation 

1  E.  Negelein  and  H  J.  Wulff,  4,  1«1  (IW). 

sp  Cori  S  F.YeVick,  and  G.T.  i^on,  mocnirn.  V.  y  »  94c  nqiq') 

.  r.  Lipmann,  Cold  Spnn.  Harior  Sy^Quan.  moL  .  248  (1939). 

.  K.  Lohmann  and  P.  Schuster,  B.ochem.  Z.  294.  112  (1934), 
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coenzyme.  After  FAD  is  split  from  certain  flavo-proteins,  it  requires  a  1000- 
fold  excess  of  FAD  to  restore  the  enzyme  to  its  original  degree  of  reactivity.'* 
Very  little  is  known  or  understood  concerning  the  dissociation  of  a  co¬ 
enzyme  or  the  forces  and  groups  which  participate  in  binding  the  coenzyme 
to  the  enzyme.  In  yeast  extract,  DPN  is  apparently  freely  dissociable  from 
its  enzymes;  thus  it  shuttles  back  and  forth  between  triosephosphate  de¬ 
hydrogenase  and  alcohol  dehydrogenase.  In  mitochondria,  on  the  other 
hand,  the  coenzymes  are  tightly  bound  to  their  proteins  for  they  are  not 
removed  by  repeated  washing  of  these  particles.® 

The  coenzymes  range  in  molecular  weight  from  approximately  200  to 
1000.  They  are  all  of  a  size  small  enough  to  render  them  rather  freely  di- 
alyzable  through  cellophane  membranes,  provided  that  they  dissociate 
from  their  respective  proteins.  The  charge  on  the  molecule  as  well  as  its 
size  will  influence  the  rate  of  its  dialyzability. 


re  oi  biie 


All  the  known  coenzymes  are  composed  of  at  least  one  or  mor( 
following  materials: 

1.  One  of  the  B  vitamins. 

2.  A  purine  or  pyrimidine  base. 

3.  A  sugar  or  sugar  alcohol  with  5  or  6  carbons. 

4.  Phosphate. 

The  function  of  these  various  constituents  of  the  coenzymes  in  many 
cases  IS  completely  unknown.  Phosphate  is  believed  to  be  the  group  through 
which  the  coenzyme  attaches  itself  to  the  protein,  but  the  fact  that  ribo- 

flavm  can,  m  part,  reactivate  the  Warburg  and  Christian  yellow  enzyme 
makes  this  theory  a  little  uncertain.^ 

From  a  nutritional  standpoint,  it  is  significant  that  five  of  the  B-complex 

a  Xwe  “'d  pantothenic 

d)  have  been  shown  to  be  constituents  of  the  coenzymes.  The  nutri¬ 
tional  requirement  of  these  vitamins  is  explained  on  tL  basis  of  the  r 

i:z7:LTzT-  ‘he  i:;: 

active  form  for  these  pTrttutr  i^famt  metabolically 

constituent  ot  the  coenzyme  FAD,*®  and  cocar- 
7  n'  26.  410  (1951). 

•  b:  c.  p'yit 

i 69,  435  (Sr  “ 

urg  an  .  Christian,  Biochem.  Z.  254,  428  (1932). 
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boxylase  was  shown  to  be  thiaminepyrophosphate.^  It  is  an  interesting  fact 
that  TPN“  was  isolated  and  studied  as  a  coenzyme  a  few  years  before  nico¬ 
tinamide  was  shown  to  be  a  vitamin  in  animal  nutrition.'-  In  the  1940’s 
vitamin  and  pantothenic  acid'"*  were  added  to  the  list  of  B  vitamins 
with  a  coenzyme  function.  This  identification  of  some  of  the  B  vitamins  as 
coenzymes  led  Green'^  to  propose  in  1941  the  enzyme-trace  substance 
theory,  in  which  the  prediction  is  made  that  any  substance  necessary  in 
the  diet  in  trace  amounts  must  be  an  essential  component  of  an  enzyme 
system.  This  notion,  particularly  with  respect  to  the  B  vitamins,  is  well 
implanted  in  biochemical  thinking,  so  that  the  announcement  of  the 
coenzyme  function  of  biotin,  folic  acid,  B12,  etc.,  is  anticipated  by  most 
biochemists. 


b.  Specificity.  A  property  shared  by  the  coenzymes  is  their  specificity. 
The  specificity  of  coenzymes  may  be  viewed  somewhat  differently  from  the 
type  of  specificity  with  which  we  generally  regard  the  enzymes.  In  general 
(and  there  are  notable  exceptions),  enzyme  specificity  may  be  regarded  as 
substrate  specificity  extending  to  the  molecule  as  a  whole.  That  is,  a  given 
enzyme  will  be  specific  for  a  single  organic  compound  or  closely  related 
substances;  i.e.,  succinoxidase  will  oxidize  only  succinic  acid.  Coenzymes, 
on  the  other  hand,  have  what  shall  be  called  “functional  group  specificity. 
That  is  the  coenzyme  is  specific  for  a  particular  grouping  m  an  organic 
molecule  and  will  generally  be  seen  to  function  with  a  large  variety  of 
substrate  molecules  which  have  only  this  functional  group  in  common.  I  he 
coenzyme,  furthermore,  is  usually  involved  in  the  transfer  of  the  group  for 
which  it  is  specific.  Therefore,  coenzyme  reactions  may  be  ^ 

“group  transfer”  reactions.  It  is  the  functional  group  specificity  of  the 
coenzymes  which  permits  them  to  operate  with  a  variety  of  apoenzymes 
and  their  corresponding  substrates. 


3.  Classification  of  Coenzymes 

There  are  several  ways  in  which  one'can  classify  coenzymcs.  They  may 
i  ^  hed  on  the  basis  of  their  vitamin  content,  on  the  basis  of  their 
Lire  or  o  ba^  of  the  enzymes  with  which  they  function.  How 

ever  a  e^ivenient  grouping  of  the  coenzymes  can  be  made  on  the  basis 

::  2;  r.  eU:"  k" 

of  c'Gunals.'w!  D.  Bellamy,  and  W.  W.  Umbreit,  7.  Biol.  ««.  156,  0S5 

1.  rupmann,  N.  O.  Kaplan.  G.  D.  Novell!,  h.  C.  Tuttle,  and  B.  M.  Gulrard, 

/.  Biol.  Chem.  167,  869  (1947). 

D.  E.  Green,  Advances  in  Emymol.  1,  177  (lJ4i). 
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their  functional  group  specificity.  Such  a  classification  has  the  advantage 
that  it  focuses  attention  on  the  group  transfer  reaction  of  the  coenzyme. 
If  only  the  well-defined  coenzymes  are  considered  and  these  are  classified 
on  a  functional  basis,  the  following  scheme  emerges: 
a.  H  atom  (or  electron)  transfer. 

1.  Diphosphopyridine  nucleotide  (DPN). 

2.  Triphosphopyridine  nucleotide  (TPN). 

3.  Flavin  mononucleotide  (FMN). 

4.  Flavin  adenine  dinucleotide  (FAD). 
h.  Phosphate  transfer. 

1.  The  adenylic  system  (AMP,  ADP,  ATP). 

2.  Glucose  diphosphate. 

3.  Diphosphoglyceric  acid. 

c.  C02-decarboxylations. 

1.  Thiamine  pyrophosphate  (TPP)  (cocarboxylase). 

2.  Pyridoxal  phosphate. 

d.  Acyl  transport. 

1.  Coenzyme  A.  (CoA) 

e.  NH2  transport. 

1.  Pyridoxal  phosphate. 

/.  Miscellaneous. 

1.  Uridine  diphosphate  glucose  (UDPGlucose) 

2.  Glutathione  (GSH,  GSSG). 

3.  Pyruvate  oxidation  factor  (POF). 

4.  Biotin. 


II.  Diphosphopyridine  and  Triphosphopyridine  Nucleotides 

1.  Introduction 

at  '‘kUU,  involved  in  hydrogen  transport 

a  the  substrate  level.  Their  main  function  appears  to  L  to  reive  hT 

ogen  from  certain  substrates  (in  cooperation  with  the  proper  dehv 
inXldr”  ‘°t  to  another  coenzyl 

Torlglylrd  "-hich  ilc! 

aspects  Of  their  met:!!!:: 

®"“Yraes.  Academic  Press,  New 
If  Metabolism,  The  Johns  Hop- 
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2.  Historical 


DPN  and  TPN  are  of  considerable  interest,  not  only  because  of  their 
widespread  occurrence  as  coenzymes  for  a  large  number  of  metabolically 
important  dehydrogenases,  but  because  they  were  among  the  first  factors 
to  be  recognized  as  coenzymes  and  were  also  among  the  first  coenzymes  to  be 
isolated  in  relatively  pure  state. 

Interest  in  DPN  dates  back  to  the  observation  of  Harden  and  Young^ 
on  the  cofactor  for  fermentation.  This  observation  led  von  Euler  and 
Myrback^*  to  coin  the  term  “cozymase”  for  this  cofactor.  It  has  since  been 
shown  that  “cozymase”  is  actually  a  complex  system  containing  three  or 
more  coenzymes  necessary  for  alcoholic  fermentation. 

Although  DPN  is  the  older  of  the  two  coenzymes  in  point  of  historical 
recognition,  its  partner,  TPN,  was  the  first  of  the  pair  to  be  isolated,  in  the 
classical  investigations  of  Warburg  and  his  co-workers.'®  Shortly  thereafter, 
DPN  was  isolated  by  von  Euler®®  and  his  school.  It  is  interesting  to  note 
that  nicotinamide  was  recognized  as  a  component  of  these  coenzymes  before 
the  acid  of  this  amide  was  discovered  to  be  a  nutritionally  important  vita¬ 
min.  This  represents  the  only  case  in  which  the  coenzyme  form  of  a  vitamin 
was  recognized  before  the  vitamin  function  was  discovered,  a  point  which 
further  emphasizes  the  close  correlation  between  the  fields  of  nutrition  and 
of  enzyme  chemistry. 

3.  Structure  and  Chemistry 


The  structures  of  DPN  and  TPN  are  given  in  Fig.  1.  These  dinucleotides 
consist  of  the  elements  nicotinamide,  ribose,  phosphate,  and  adenine.  TPN 
has  one  more  phosphate  group  than  DPN.  Neither  of  these  structures  has 
been  confirmed  by  total  organic  synthesis,  but  the  evidence  for  tee 
formulations,  which  is  too  lengthy  to  be  presented  here  m  detail,  is  suft- 
ciently  strong  to  permit  their  acceptance  (see  Schlenk'  and  Kornbeig 
Whether  the  phosphomonoester  group  of  TPN  is  esterified  at  the  -  -  or 
3'-hvdroxyl  of  the  adenosine  moiety  is  not  yet  clearly  established  and  aivaite 
the  decision  on  the  location  of  the  phosphate  group  in  adenylic  acid  a 
and  “b.”  In  any  case,  Kornberg-'  and  Kaplan  Colowick,  and  Stolzen- 
bach*‘  have  presented  evidence  that  the  adenylic  acid  portion  of  TPN 
is  identical  to  adenylic  acid  “a.” 

.  -^he  ptsitioa  of  the  phosphate  group  in  adenylic  acid  ‘V  and  -b'-  has  heen  es- 

nX^ttt  volkin,  W.  E.  Cohn. ..  A,„.  «e,„.  Sue,  Tt :  3204 

(1952). 
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The  structure  of  TPN  was  the  more  difficult  to  determine,  but  the  fact 
that  the  coenzymes  could  be  intercon verted  enzymatically  as  shown  below : 

DPN  +  ATP  ^  TPN  +  ADP  (1) 

TPN  +  acid  phosphatase  — >  DPN  +  phosphate  (2) 

and  the  elegant  studies  of  Kornberg^^  in  which  the  cleavage  of  TPN  by 
nucleotide  pyrophosphatase  gave  the  products  nicotinamide  mononucleo¬ 
tide  (NMN)  and  adenosine  diphosphate,  viz: 

TPN  _  nucleotide  pyrophosphatase_^  Nicotinamide  mononucleotide  +  adenosine  (3) 

diphosphate 

is  strong  evidence  for  this  formulation. 
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By  using  enzymatic  methods  for  the  breakdown  and  resynthesis  of  these 

datX  tK  ®  elucidated  very  convindna 

data  for  the  validity  of  the  structure  of  TPN  ® 

ucts'oVhydrolyeil'  by  noting  the  prod- 

.r:'s  SXxn;  is:  “ » “• 

tinam.de,  nbose-5-phosphate,^'  and  adenine  "‘“■ 

nicotinaXir:^ 

tained.24  ^  adenosine  diphosphate  is  ob- 

A.  Kornberg  and  W.  E.  Pricer  Ir  /  »  •  ;  r>i. 

;;  F  Sohlenk,  y.  Bio,.  CKe^.  HCew' (Z,  '  <«“)• 

es  m,  .  Schlenk,  and  H,  von  Euler,  Ber.  70,  1369  (1937). 
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Ill  the  oxidized  state  the  coenzymes  are  rapidly  inactivated  at  room  tem¬ 
perature  by  0.1  N  alkali  (presumably  due  to  splitting  off  nicotinamide)  but 
are  considerably  more  stable  to  dilute  acid.  The  reduced  coenzymes  on  the 
other  hand  are  very  labile  in  dilute  acid  but  are  stable  in  dilute  alkali. 
This  rapid  destruction  by  acid  of  the  reduced  coenzymes  is  considered  to 
be  due  to  the  addition  of  a  molecule  of  acid  to  the  reduced  pyridine  ring 
system.  The  alkali  stability  of  the  reduced  molecules  is  explained  by  the 
fact  that  the  nitrogen  is  trivalent  in  the  reduced  coenzymes  and  thus  has 
a  stability  similar  to  the  glucosidic-type  link  in  purine  nucleosides.  The 
alkali  lability  of  the  oxidized  molecules  is  therefore  due  to  the  quaternary 
nitrogen  ion  in  glucosidic  linkage."® 


4.  Isolation  of  the  Coenzymes 

a.  TPN.  The  original  isolation  by  Warburg^®  was  from  250  1.  of  horse 
blood.  After  separation  of  the  erythrocytes,  the  cells  were  hemolyzed  and 
the  stromata  removed  by  acetone.  By  a  series  of  steps  involving  fractiona¬ 
tion  with  mercuric  acetate  and  barium  hydroxide,  precipitation  from  acid 
methanol  with  ethyl  acetate  and  fractional  precipitation  of  the  lead  salt 

with  ethanol,  about  1  g.  of  pure  TPN  was  obtained.  -n  ,  ,8 

b.  DPN.  The  first  pure  preparation  of  DPN  was  made  by  von  Euler 
and  his  co-workers  by  a  hot-water  extraction  of  yeast,  removal  of  impuriBes 
with  lead  acetate  followed  by  the  precipitation  in  successive  steps  as  Bg 
\g  and  Cu  salts,  then  treatment  with  Ba  and  Pb  followed  by  alcoho 
iraUionation.  Final  purification  was  effected  with  aluminum  oxide.  Both 
of  these  original  procedures  for  the  isolation  of  these 

tedious,  were  fraught  with  difficulties,  and  gave  poor  yields,  rheidoie  the 
rIetLds  have  undergone  extensive  revisions.  The  most  recent  method 
(Km-nberg”  Hogeboom,^®  Mueller,^^  and  Neilands««)  involve  the  use  of 
Idsorption  and  elution  from  charcoal,  countercurrent  distribution  v  it 
immiscible  solvents,  and  adsorption  and  f 

newer  methods  have  resulted  in  a  great  simplification  of  the  pioced 
and  the  yields  and  purifications  have  been  greatly  impioved. 

5.  Distribution 

The  distribution  of  the  coenzymes  follows  the  ‘l-tHbution  of  then 
vitamin  component,  niacin.  They  have  been  found  in  all  cells  iMuch  hare 

..  H.  von  Euler,  II.  Albers,  and  F.  Sehlenk,  Z.  phyM.  Chem.  240.  113  (1936). 

2«  E.  Haas,  Biochem.  Z.  288,  123  (1936). 

U  A.  Kornberg  and  935  (1948). 

..  G.  H  fiosebee"  chem.  180,  975  (1949). 

29  G.  A.  LePage  and  G.  G.  iviueiier,  j  ClQIl') 

..  J.  B.  Nielands  and  A.  Akeson,  J.  BM.  Chem.  188,  307  (1951). 
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been  examined  for  their  presence.  In  view  of  the  essential  nature  of  the  re¬ 
actions  catalyzed  by  these  coenzymes,  it  would  be  exceedingly  surprising 
if  they  should  be  found  to  be  absent  from  some  type  of  cell.  The  quantity 
of  the  two  coenzymes,  as  well  as  the  ratio  between  the  two,  varies  consider¬ 
ably  with  different  cells, but  the  quantity  of  DPN  is  usually  much  larger 
than  that  of  TPN.  A  notable  exception  is  the  green  leaf,  in  which  the  TPN 
content  is  much  higher  than  that  of  DPN.  This  is  now  explained  on  the  basis 
of  a  TPN-linked  triosephosphate  dehydrogenase  in  the  green  part  of  the 
plant,  in  contrast  to  the  situation  in  the  root  and  seed.^^  The  state  of  oxida¬ 
tion  or  reduction  of  the  coenzyme  will  depend  on  the  oxidation-reduction 
potential  of  the  cell.  In  most  cells  about  35%  of  the  total  coenzymes  are 
in  the  reduced  state.  In  certain  malignant  cells  this  (piantity  is  increased, 
presumably  due  to  the  lower  oxidation-reduction  potentials  maintained  by 
such  cells. 


6.  Methods  for  Assay 

A  variety  of  methods  (chemical,  microbiological,  and  enzymatic)  are 
available  for  the  determination  of  these  coenzymes. 

1.  The  classical  method  for  the  measurement  of  DPN  has  been  to 
measure  the  rate  of  fermentation,  as  followed  l)y  CO2  evolution  of  an  apo- 
zymase  preparation.^^  The  apozymase  is  easily  prepared  by  repeated  ex¬ 
traction  of  dried  brewer’s  yeast  and  upon  the  addition  of  DPN  is  capable  of 
causing  alcohol  fermentation. 

of  TPN  wiui  described 

hyV,  arburg.  Here  advantage  is  taken  of  the  fact  that  glucose-6-phosDhate 

dehydrogenase  (Zwischenfermeni)  is  specific  for  TPN  This  enzvme  cata 
lyzes  the  following  reaction:  enzyme  cata- 

Glucose-6-phosphate  +  TPN  6.Phosphogluconate  +  TPNH,  (4) 
The  reaction  can  be  followed  in  several  wavs  Tn  ti.„  •  ■  . 

r"™- 

oxygen,  and  thns  the  ^lllt 

the  reahtn^:,,!!;"  ^  f 'sT  T 

ally  used  for  the  measurement  of  TPN  because  of  h"  f™®”* 
and  because  of  its  ease  of  preparation  A  absolute  specificity 

pieparation.  A  very  sensitive  method  has  been 

„  Z.  physiol.  Chem.  177,  15«  nq9si 

0.  ..  ... 
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described  by  Haas*‘‘  which  couples  Zwischenferment  with  the  reduction  of 
cytochrome  c.  By  following  the  rate  of  reduction  of  cytochrome  c  spectro- 
photometrically,  quantities  as  small  as  0.02  ixg.  of  TPN  can  be  determined. 

3.  Since  the  recent  description  by  Racker^®  and  BonnichseiP®  of  a  sim¬ 
plified  method  for  the  preparation  of  crystalline  alcohol  dehydrogenase 
from  yeast,  this  enzyme  has  been  used  to  measure  DPN.  The  reaction 

Ethanol  -|-  DPN  ^  Acetaldehyde  +  DPNH2  (5) 

leads  to  the  reduction  of  DPN  which  can  be  measured  spectrophotometri- 
cally  at  340  mja. 

A  chemical  method  using  hydrosulfite®^  has  been  used  for  determining 
both  coenzymes  simultaneously,  or  total  pyridine  nucleotides.  It  has  the 
advantage  that  it  is  rapid  and  convenient,  but  it  does  not  distinguish  be¬ 
tween  DPN,  TPN,  or  NMN.  This  method  is  used  primarily  for  the  de¬ 
termination  of  total  pyridine  nucleotides  or  in  the  preparation  of  the 
reduced  form  of  the  individual  coenzymes. 


7.  Mechanism  of  Action 

The  mechanism  of  action  of  the  coenzymes  was  discovered  by  Warburg 
and  his  co-workers  in  1935.®^  They  studied  the  oxidation  of  glucose-6- 
phosphate  in  yeast  extracts.  This  oxidation  is  caused  by  the  combination 
of  two  enzymes,  glucose-6-phosphate  dehydrogenase  (Zwischenferment)  and 

the  “old”  yellow  enzyme. 

Glucose-6-phosphate  +  TPN  6-Phosphogluconate  +  TPNH2  (6) 

TPNH2  +  flavoprotein  — >  TPN  -f  flavoprotein  H2  (7) 

Flavoprotein  H2  +  O2  ->  Flavoprotein  +  H2O2  («) 

They  followed  the  course  of  reaction  6  spcctrophotometrically  and  observed 
that  the  reduced  coenzyme  showed  a  characteristic  f 

340  mu  whereas  the  oxidized  coenzyme  has  no  absorption  at  this  nave 

Lngth,  Von  Euler,  Adler,  and  Hellstrom=«  somewhat  ter  made  he  ^ame 

observation  with  DPN  in  the  oxidation  of  ethyl  alcohol  by  alcohol  > 
observation  wirn  discovered  that  these  two  coenzymes 

drogenase  (equation  5).  Warburg  ciiscoveieu  Ohlmever®» 

coukl  be  chemically  reduced  by  sodium  hydrosulfite, ^ 

has  used  this  method  for  the  preparation  of  relatively  puie  reduce 

..  E  Haas,  C.  J.  Harper,  and  T.  R.  Hognesa,  J.  Biol.  Ckem.  142  ,  835  (1942). 

::  ^R.  rB^^nfeha^:'- "’f  i' 4.  2  5  (.950,^ 

::  s:  vt°KuirE.  idts.li—"  341. 239  (.93a,. 

P.  OMmeyer,  Biochem.  Z.  297,  66  (1938). 
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Warbiirg^^  pointed  out  that  the  site  of  reduction  is  the  pyridinium  ring 
which  gives  rise  to  the  characteristic  absorption  at  340  m^u.  The  reaction 
is  formulated  as  follows: 


OCONH2 
H 

IN 


+  2H 


R 


+  H+ 


Fig.  2.  Reduction  of  the  pyridinium  ring.* 


In  the  oxidized  state  the  nicotinamide  nucleus  exists  as  a  quarternary 
pyridinium  ion  which  forms  a  salt  with  one  of  the  ionized  OH  groups  of  the 
pyrophosphate  bridge.  When  the  coenzyme  undergoes  reduction,  2  elec¬ 
trons  add  across  the  double  bond,  converting  the  heterocyclic  nitrogen  to  a 
trivalent  weakly  basic  nitrogen  atom.  As  a  result,  the  reduced  coenzyme 
behaves  as  a  dibasic  acid.  Therefore,  during  the  reduction  of  the  coenzyme 
an  acid  equivalent  is  formed.  Haas''®  has  pointed  out  that  in  the  chemical 
reduction  of  the  coenzyme  the  liberation  of  acid  can  be  followed  manometri- 
cally  by  conducting  the  reaction  in  a  bicarbonate  medium. 

It  IS  the  reduction  of  the  pyridinium  ring  system  that  causes  the  re¬ 
duced  coenzymes  to  show  an  absorption  maximum  at  320  to  360  m/x  At 
MO  mM  the  molar  extinction  coefficient  for  the  reduced  coenzymes  is  6.3 
X  10  .  Recently  Theorell  and  Bonnichsen,«  working  with  horse  liver  al¬ 
cohol  dehydrogena^  have  shown  that  as  the  apoenzyme  concentration 
approaches  that  of  DPNH,  the  340  band  shifts  toward  shorter  wavelengths 
and  when  the  DPNH*  and  apoenzyme  are  in  equivalent  concentration  the 

Ss  the  “  ■conditions.  Addition  of  iodoacetate  which 

ibits  the  enzyme  causes  an  immediate  shift  of  the  325  peak  back  to  340 
and  this  is  taken  to  indicate  that  an  — SH  irronn  nf  tPo  q  •  •  ’ 

volved  in  binding  the  DPNH.  to  foim^e “0^!^ 

Nicotinamide  does  not  undergo  hydrosulfite  reduction  In  order  to 

acting  biologically  in  "place  of  tk  IntL'To^fi'lf  r  ? 
the  coenzymes  must  bp  infaru  ^  theological  activity 

zymes  must  be  intact.  Desamino  DPN  with  the  6-amino  group  of 

M.  E.  Pullman  [Federation  Proc.  12  2'!';  CiQiiQM  u 

in  the  reduction  of  DPN  the  electrons  add  in  ’;®f®ntly  demonstrated  that 
^  rather  than  ortho.  "^ectrons  add  in  a  position  para  to  the  nitrogen 

Z  w  286,  368  (1936). 

■  eorell  and  R.  Bonnichsene,  Acta  Chern.  Scand.  6.  1105  (1951 ). 
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adenine  removed,  however,  has  some  activity  with  alcohol  dehydrogenase, 
although  much  less  than  DPN.‘‘^ 

Michaelis'**  has  suggested  that  the  hydrogen  transfer  takes  place  in  steps, 
i.e.,  one  electron  at  a  time,  leading  to  an  intermediate  semiquinoid  radical 
(monohydropyridine  nucleotide).  This  would  facilitate  the  establishment 
of  an  equilibrium  between  the  oxidized  and  reduced  states. 

There  have  been  many  unsuccessful  attempts  to  link  the  nicotinamide 
coenzymes  with  phosphate  transport.  This  problem  has  been  reopened  by 
the  investigations  on  aerobic  phosphorylation  during  which  the  generation 
of  energy-rich  phosphate  bonds  is  coupled  to  electron  transport.  Green^^ 
and  his  collaborators  postulated  that  the  pyridine  nucleotides  might  func¬ 
tion  in  this  capacity.  Interest  was  further  aroused  by  the  observation  of 
Friedkin  and  Lehninger^^  that  the  oxidation  of  reduced  DPN  could  support 
the  generation  of  energy -rich  phosphate  bonds.  However,  to  date  no  con¬ 
clusive  evidence  has  been  presented  which  would  directly  implicate  these 
coenzymes  in  the  phosphorylation  reaction  itself. 

Starting  from  the  original  observation  of  MeyerhoP®  that  DPN  reacts 
with  cyanide  and  bisulfite  to  form  complexes  with  absorpHon  spectra 
resembling  that  of  the  enzymatically  reduced  coenzymes,  Kaplan^  mid 
Colowick  have  made  some  attempt  to  link  the  mechanism  of  action  of  DP 
to  the  generation  of  energy-rich  phosphate  bonds  during  hydrogen  trans¬ 
port  These  workers  satisfied  themselves  that  cyanide,  bisulfite,  and  \y- 
droxyl  ion  add  across  the  double  bond  in  the  pyridinium  ring  much  like 
hydrogen  during  the  enzymatic  reduction  of  the  coenzyme,  t  is  reasone 
that  such  behavior  is  indicative  of  the  carbonyi  properties  of  this  doubie 
bond.  Therefore,  a  possibie  mechanism  for  the  generation  of  “ 
phosphate  bond  is  visuaiized  involving  the  "  Dp(- 

double  bond,  followed  by  dehydrogenation  to  give  ^  „ 

is  again  regenerated  by  reaction  of  the  pyridoiie  with  DPNH.  to  „ne 

molecules  of  DPN. 

8.  Reactions  C.xtalyzed 

The  reactions  catalyzed  by  DPN  and  TPN  are:  (a) 
dehydrogenations  of  aklchydes,  (h)  primary  and  secondaiy 

„  1  -1  1  NT  n  Kaolan  J  Biol.  Chetn.  194,  593  (1952). 

«  R^'j^.’cross.Yv^  Taggart.  G.  A.  Covo,  and  D.  E.  Green,  J.  Biol.  Chein.  177, 

a  m'Sh  and  A.  L.  Lehninger,  d.  Biol  Ckc,o.m  611 

<•  O.  Meyerhof,  P.  “'‘"“^^'’  “QiYssThorphoms  Metabolism,  Th 
N.  O.  Kaplan,  in  McElroy  and  Glass,  rnospnux 

kins  Press,  Baltimore,  1951,  Vol.  I,  P-  4  . 
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and  amines.  These  systems  are  depicted  in  the  following  general  schemes: 

O 

II  (a) 


H 

R— C=0  +  DPN 


R— C— OH  +  DPNHa 


R— CH2OH  +  DPN  ^  R— CHO  +  DPNH2 


R— NH2  +  DPN 


r=NH  +  DPNH2 


ib) 
(c) 

The  reactions  as  written  actually  do  not  depict  DPN  and  TPN  acting  as 
coenzymes,  but  since  they  are  only  partical  reactions  the  coenzymes  are, 
in  reality,  acting  as  substrates.  They  behave  catalytically  as  coenzymes  only 
when  they  can  couple  in  an  oxidation-reduction  seQuence.  Hence  they  have 
been  called  “mobile  coenzymes”;  i.e.,  they  undergo  reduction  while  on  a 
given  apoenzyme,  leave  this  protein,  and  attach  to  another  where  they  be¬ 
come  o.xidized.  This  has  led  to  a  consideration  of  these  coenzymes  as  the 
classical  type  of  dissociable  coenzyme  which  shuttles  about  among  a  large 
vaiiety  of  dehydrogenases.  In  the  light  of  the  recent  observations  from  the 
Cori  laboratory^  such  a  generalization  should  be  revised.  When  triosephos- 
phate  dehydrogenase  was  recrystallized,  it  was  found  to  contain  1  mole  of 
DPN  per  mole  of  enzyme.  Extensive  dialysis  or  dilution  could  not  remove 
this  bound  DPN.  The  dissociation  constant  was  found  to  be  at  least 
1  X  10  or  even  smaller.  This  is  in  contrast  to  the  usual  value  of  4  X  IQ-^ 
observed  with  added  DPN.  This  led  the  Cori  group  to  postulate  two  sites 
of  attachment  of  DPN  to  the  enzyme.  The  fact  that  the  bound  DPN  does 
in  fact,  dissociate,  is  evident  from  equilibration  of  this  bound  DPN  with 
added  radioactive  DPN.  Furthermore,  the  bound  DPN  was  shown  to 
mteract  mth  lactic  dehydrogenase,  but  the  rate  was  too  fast  to  be  ac- 

of  trio^ephosphate  dehy- 

The  coupled  reartions  which  these  coenzymes  undergo  are  of  two  types 

a.  Oxidation-Reduction  Coupled  to  Substrate.  In  this  type  of  region 

the  coenzyme  which  is  reducpd  in  Hto  reaction 

3.Ph„,ph„glyceraldehyde  +  DPN  3-Phosphoglyceric  acid  +  DPNH,  (9) 
Pyruvate  +  DPNH,  Lactate  +  DPN  (,0, 

o^iZ^oteZtdt™  -Pled  to  the 

over-all  reaction  would  be  written  rfollol^ 

3-PheephoglyceraIdehyde  -P  pycuvate  3-Phosphoglyceric  acid  -f  lactate  (U ) 
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Thus  a  small  amount  of  DPN  acting  catalytically  could  effect  the  trans¬ 
formation  of  large  amounts  of  substrate.  The  essence  of  this  type  of  linked 
reaction  is  that  the  oxidation  of  reduced  DPN  is  effected  by  another  sub¬ 
strate,  in  the  example  cited,  pyruvate,  and  the  reactions  are  therefore 
anaerobic  and  require  the  presence  of  a  large  amount  of  hydrogen  accepting 
substrate.  This  type  of  linked  oxidation-reduction  occurs  during  glycolysis 
where  the  situation  is  ideal  for  reactions  of  this  type.  Here  we  have  the  con¬ 
tinual  formation  of  pyruvate  which  can  act  as  hydrogen  acceptor  for  the 
DPN,  reduced  in  the  oxidation  step.  Usually  the  formation  of  pyruvate  just 
keeps  pace  with  the  oxidation  of  glyceraldehydephosphate  and  the  reaction 
is  thereby  allowed  to  go  to  completion. 

b.  Oxidation-Reduction  Coupled  to  Electron  Transport.  This  type  of 
reaction  has  an  initial  step  similar  to  the  previously  considered  reaction 
but  differs  in  that  the  oxidation  of  the  reduced  pyridine  nucleotide  is  carried 
out  by  a  second  hydrogen-carrying  system,  rather  than  by  a  substrate.  An 
example  of  this  type  is  shown  below; 

Glucose-6-phosphate  +  TPN  6-Phosphogluconate  -f  TPNH2  (12) 

TPNH2  -f  flavoprotein  — >  TPN  -f  flavoprotein  H2  (13) 


Flavoprotein  H2  -t-  O2  Flavoprotein  +  H2O2 


(14) 


In  this  sequence  of  reactions  the  reduced  TPN  is  oxidized  by  a  flavin- 
containing  enzyme,  and  the  reduced  flavm  is  subsequently  oxidized 
by  molecular  oxygen.  In  other  cases,  the  reduced  flavin  can  be  oxnd.zed 
by  the  cytochrome  series  of  enzymes  (see  Horecker  and  Kornberg,  Chapter 

^*The  essence  of  this  type  of  reaction  is  that  the  hydrogens  are  removed 
from  the  Xed  coenzymes,  passed  along  a  chmn  of 
systems  and  eventually  used  to  reduce  oxygen  to  the  state  of  vater.  I  he 
reirtbns,  then,  are  essentially  aerobic  and  function  iii  the  respiration  of  the 

cell. 

III.  Flavin  Mononucleotide  and  Flavin  Adenine  Dinucleotide 

1.  Introduction 

The  flavin-coiitaiiiiiig  coenzymes  are  similar 
coenzymes  as  functioning  m  hyi  coeiiyzmes,  rather  than  be- 

coenzymes mediate  anaerobic  bacteria  and  certain 

tween  substrates,  although  their  fu  imnortant  role  in  hydro- 

other  tissues  indicates  that  they  may  also  play  an  impoitant 

gen  transport  at  the  substrate  level. 
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2.  Historical 


A  class  of  yellow  pigments  named  “flavins”  was  recognized  in  1879  by 
Blyth,'*®  who  isolated  an  impure  flavin  from  whey.  Bleyer  and  Kallman^® 
in  1925  described  a  yellow  substance  from  milk  which  they  called  “lacto- 
chrom.”  The  year  1932  brought  the  riboflavin  problem  into  sharp  focus. 
Szent-Gyorgyi  and  associates, working  with  heart  muscle,  obtained  a 
“cytoflav”  preparation  which  had  the  property  of  losing  its  yellow  color 
on  reduction  and  regaining  it  upon  oxidation  and  suggested  a  possible 
role  in  cellular  oxidation.  Warburg  and  Christian®^  reported  on  the  “yellow 
enzyme”  from  yeast,  which  contained  a  yellow  pigment  attached  to  a  high 
molecular  weight  substance  thought  to  be  polysaccharide  in  nature.  This 
enzyme  mediated  the  oxidation  of  glucose-6-phosphate  by  oxygen  in  the 
presence  of  ZAvischenfeiment  (glucose-6-phosphate  dehydrogenase)  and  a 
coenzyme  later  shown  to  be  TPN.  These  workers  split  the  yellow  pigment 
from  the  complex  by  treatment  with  acidic  methanol  and  upon  irradiation 
of  the  pigment  in  alkaline  solution  obtained  the  first  pure  flavin  derivative, 
lumiflavin,  which  was  soluble  in  chloroform.  In  1933  two  groups®^  iso¬ 
lated  a  yellow  compound  from  eggs  and  milk  which  proved  to  be  identical 
with  vitamin  Bg.  Its  spectrum  was  similar  to  that  of  Warburg  and  Chris- 
Man  s  lumiflav  and  was  thought  to  be  lumiflavin  plus  a  pentose  of  some  sort. 
The  use  of  spectrographic  methods  enable  Stern  and  Holiday^^  to  establish 
the  presence  of  an  alloxazine  structure  in  Warburg’s  coenzyme.  The  groups 

A  v  elucidated  and  proved  the  structure  of  riboflavin, 

6 , 7-dimethyl-9-ribityl-isoalloxazine. 


In  one  of  the  earliest  applications  of  the  electrophoretic  techniques  de¬ 
veloped  by  Tisehus,  Theorell«  (1934-1937)  was  able  to  prepare  a  ho¬ 
mogeneous  chromoprotein  with  the  properties  of  the  yellow  enzyme  The 
polysaccharide  contaminant  which  prevented  Warburg  from  isolating  the 
enzyme  was  easily  removed  by  this  new  procedure.  The  yellow  holoenzvme 
X/l-T'’  dialyzing  against  an  acidic  solution.  The  apoenzyme 

dialysis  against  water,  could  be  reconstituted  by  adding  the  chromogen 

A.  W.  Blyth,  J .  Chem.  Soc.  36,  530  (1879). 

.Bleyer  and  A.  Kallman,  Biochem.  Z.  166,  54  (1924). 

A.  Szent-Gyorgyi  Chem.  210,  228  (1932); 

n  u  «anga,  Bxochem.  Z.  246.  203  ^9321 

O.  Warburg  and  W.  Christian,  Biochem.  Z.  267,  ^92  (1933) 

■iv.  Ivuhn,  P.  Gvorcrvi  nnH  T'  wi  r  ' 

and  W.  Koschara.  Bn.  66,  315^19337  '’“"'’''^’ 

K.  G.  Stern  and  E.  R.  Holiday,  Ber.  67,  1104,  1442  (19341 

A'olurwLnKVlTnTs™^  09^^“'’“*^  “"d  H.  Trischman, 

H.  Treorell^fil'cAem’ “27!  <^6  (1936). 

■  278,  263  (1936);  290,  293  (1937). 
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to  yield  the  active  holoenzyme.  The  chromogen,  the  free  prosthetic  group, 
was  found  to  migrate  toward  the  anode,  while  riboflavin  moved  toward  the 
cathode.  This  implicated  an  acid  group  in  the  former.  One  mole  of  phosphate 
was  found  per  mole  of  riboflavin.  Isolation  of  a  crystalline  calcium  salt  led 
to  the  elucidation  of  the  structure  as  flavin  monophosphoric  acid  (flavin 
mononucleotide,  FMN),  in  which  the  phosphoric  acid  is  attached  to  carbon 
5  of  the  ribityl  side  chain  of  riboflavin 

Straub^**  and  Warburg  and  Christian^®  found  that  the  prosthetic  group 
of  d-amino  acid  oxidase  was  a  flavin  derivative,  not  identical  with  FMN. 
The  latter  group  isolated  the  coenzyme  and  showed  it  to  be  flavin  adenine- 
dinucleotide  (FAD). 


3.  Structure  and  Chemistry 

The  structures  for  riboflavin  monophosphate  (FMN),  and  flavin  adenine- 
dinucleotide  (FAD)  are  as  follows: 


0 

II 

Hj-O-P-OH 


OH  OH 
I  I 

CHj— 0— P  — 0— P— 0— CHj 


HO-CH 

I 

HO-CH 

I 

HO-CH 


I 

OH 


•c=o 


0 


C=0 


O  ^CH 

1 

HO-CH 

I 

HO-CH 

1 

- CH 

N-C' 


,N 


HC 


^N-C. 


“^CH 

I 


'C 
I 

NHj 


Riboflavin  monophosphate 
(FMN) 


Flavin  adenine  dinucleotide 
(FAD) 

Fig.  3 


The  flavin  or  is<,all<«azine  moiety  is  a  polycyclic  structure  comp.ised  o  a 
beiLne,  a  pyrazlne.  and  a  pyrimidine  ring.  It  is  of  interest  o  no  e  ttia 
thriatter  two  rings  are  found  in  the  pteridin  portion  of  folic  and  and 
Jhat  this  pLidin^tructiire  was  first  foiinil  in  certain  pigment,  isolated 

^™TVeatinTFAD"with  M  IICl  at  10(1°  destroys  biological  activity  and 
•1  R.  Kuhn,  H.  Rudy,  and  F.  Weygand,  Ber.  69,  1643  (1036). 

••  F.  S.  Straub,  JVaiure  141,  603  (1938).  sri  .  aoB  294- 297,  417;  298, 

..  O.  Warburg  and  W.  Christian,  BiocAcm.  2.  296,  261 ,  296,  2J4, 

150  (1938). 
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yields  FMN  and  adenosiiie-5-pliosphate.®‘’  Trichloroacetic  acid  extracts 
kept  at  37°  overnight  will  affect  this  hydrolysis.®^  Biological  activity  is 
also  destroyed  by  treating  with  N  alkali  at  room  temperature.  Forrest  and 
Todd®^  have  shown  that  the  action  of  weak  alkali  splits  the  molecule  to 
yield  adenylic  acid  and  an  alloxazine  mononucleotide  containing  a  cyclic 
phosphate  esterified  at  positions  4'  and  5'  of  the  ribityl  residue.  The  ribo- 
flavins  are  also  sensitive  to  irradiation.  Warburg  and  Christian, as  men¬ 
tioned  above,  irradiated  FMN  in  alkaline  solution  and  isolated  lumiflavin 
in  which  4  carbons  of  the  ribityl  side  chain  are  split  off.  Karrer  and  co- 
workers®*  were  able  to  isolate  “lumichrom,”  the  6,7-dimethylisoalloxazine, 
in  which  the  ribityl  moiety  is  completely  removed,  after  irradiation  of 
riboflavin  in  neutral  solution  in  the  presence  of  air. 

a.  Absorption  Spectra  and  Fluorescent  Properties.  Studies  on  the  ab¬ 
sorption  spectra  and  the  fluorescent  properties  of  the  biologically  active 
flavins  have  proved  to  be  valuable  in  understanding  the  more  detailed 
chemistry  of  FAD,  as  well  as  to  give  clues  as  to  the  binding  of  FMN  and 
FAD  to  their  apoenzymes. 

Riboflavin,  greenish-yellow  in  color,  has  three  absorption  maxima  at 
445,  375,  and  2G0  m/x.®®  In  FAD,  reddish-yellow  in  color,  there  is  a  shift 
of  the  445  band  to  450  m^.  This  same  shift  has  been  observed  by  Weber®^ 
when  the  spectrum  of  riboflavin  is  taken  in  the  presence  of  caffeine  or 
adenosine,  which  are  shown  to  form  complexes  with  riboflavin.  FMN, 
greenish-yellow,  has  maxima  at  445,  375,  and  260  m/x.®®  The  “old”  yellow 
enzyme  IS  a  pure  yellow,  and  this  is  due  to  a  shift  toward  longer  wave¬ 
lengths  in  the  entire  spectral  range,  i.e.,  maxima  at  465,  380,  and  265  m^i. 

le  case  of  >;anthme  oxidase  is  an  even  more  striking  example  of  the  shift 
toward  the  red.  Purified  xanthine  oxidase  is  red  in  color.  Until  very  recently 
this  red  coloration  was  thought  to  indicate  the  presence  of  a  second  pig- 

is  Iff  ™  ^  prosthetic  group  involved  and  that  the  red  coloration 

s  due  to  an  even  more  marked  shift  to  the  red  which  results  from  the  fact 

FAD th  h  n  ‘b-  doeT  the  t 

FAD  which  can  be  split  from  the  enzyme  by  treatment  with  hiab 
centiations  of  divalent  salts)  ^ 

E.  P.  Abraham,  Biochem.  J.  33,  543  (1939). 

“  H.  S.  FoS  anilA^rTodd 

63  P  w  o  1  Soc.  1960,  3295. 

Acta  17,  1010  (1934^”’  ^chlitter,  and  H.  Fritzsche,  Helv.  Chini. 

G.  Weber,  Biochem.  J.  47,  114  (1950') 

“®D.B.Morell,fixoc;.em./60,vii(l^^^^^ 
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chemical  reactivities)  noted  above.  Although  riboflavin  shows  a  strong 
yellow  fluorescence  at  neutral  pH,  FAD  fluoresces  only  weakly,  and  the 
“old”  yellow  enzyme  and  other  flavoproteins  with  firmly  bound  coenzymes 
do  not  fluoresce  at  all  under  these  conditions.  The  shift  to  the  red  in  the 
absorption  spectrum  is  here  confirmed  in  a  more  striking  manner  by  the 
weakening  and  disappearance  of  fluorescence.  An  analysis  of  the  effects 
of  pH  on  the  fluorescence  of  these  compounds  led  Bessey,  Lowry,  and  Love®‘ 
to  conclude  that  the  lack  of  fluorescence  of  FAD  compared  with  that  of 
riboflavin  is  due  to  an  internal  complex  between  the  flavin  and  adenine 
moieties  of  the  FAD  which  results  in  quenching.  That  this  is  the  case  has 
been  demonstrated  by  Weber  who  found  that  the  quenching  of  the 
fluorescence  of  riboflavin  by  purines  is  due  to  complex  formation  and  that 
within  the  FAD  molecule  such  a  complex  also  exists. 

It  should  also  be  mentioned  that  the  oxidation-reduction  potentials  of 
free  and  bound  FMN  are  different.®® 

The  isolation  of  FAD,  according  to  Warburg  and  Christian,®^  involves 
essentially  the  following  steps.  A  boiled  extract  of  yeast  is  filtered  and 
brought  to  66%  saturation  with  ammonium  sulfate  and  the  coenzyme 
extracted  into  phenol.  Water  and  ether  are  added  to  the  phenol  solution, 
and  the  coenzyme  is  driven  into  the  aqueous  phase.  The  dinucleotide  is 

precipitated  at  pH  2  as  the  silver  salt. 

Chemical  syntheses  of  FMN  from  riboflavin  by  phosphorylating  agents 

have  recently  been  made  available.®^’ ®^ 


4.  Mechanism  of  Action 

FMN  and  FAD,  in  a  manner  analogous  to  DPN  and  TPN,  undergo 
alternate  oxidation  and  reduction.  In  the  flavin  series  the  hydrogens  add 
across  the  conjugated  double  bond  system  made  up  of  the 
(pyrimidine  ring),  2  carbons,  and  the  10-nitrogen  (pyraz.ne  ring  ,  Whereas 
the  oxidized  form  is  yellow,  the  reduced  or  leuco  form  is  almost  cole, 

The  semiqulnoid  form,  the  monohydroflavm,  has  been  demonstiated 
chemical  systems  by  several  workers”  •“  and  in  an  enzyme  system  by 
Haas.«»  The  Haas  intermediate  is  thought  to  be  ^ 

sisting  of  the  three  components,  FMN-apoenzyme-1  PNH. 
formation  of  the  oxidized  form  to  the  leuco  form  may  be  visualized  as 

follows: 

66  R.  Kuhn  and  P.  Boulanger,  Ber.  69,  1557  (1936) 

67  R.  Kuhn  and  T.  Wagner-Jauregg,  Ber.  67,  351  (U34). 

..  L  Michaelis,  M.  P.  Schubert,  and  C.  V.  Smythe,  J.  B.ol.  Chem.  116,  587  (1936, 

69  E.  Haas,  Biochein.  Z.  290,  291  (1937). 
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For  a  discussion  of  this  and  other  problems  concerning  the  mechanism  of 
oxidation  reduction  reactions,  the  article  of  Leonor  Michaelis,^^  published 
after  his  death,  is  recommended. 

Chemically  the  oxidized  form  of  the  flavins  can  be  reduced  by  hydro¬ 
sulfite  to  the  leuco  form,  and  the  latter  is  easily  reoxidized  back  by  oxygen. 
Singer  and  Kearney™  have  demonstrated  that  the  flavins  could  mediate  a 
nonenzymatic  reduction  of  cytochrome  c  by  reduced  pyridine  nucleotides 
This  chemical  system  may  serve  as  a  model  for  the  enzymatic  reactions  in 
which  flavins  function  in  this  same  capacity. 


5.  Method  of  Estimation 

a.  Chemical.  Bessey,  Lowry,  and  Love®*  have  developed  what  is  prob- 
ably  the  method  of  choice  for  the  determination  of  the  various  forms  of 
riboflavin  found  m  tissues.  The  following  facts  form  the  basis  for  the  assay. 

hereas  riboflavin  and  FMN  fluoresce  strongly  at  neutral  pH,  FAD 
fluoresces  to  an  extent  equivalent  to  about  10%  of  the  former  compounds 
Riboflavin  is  soluble  m  benzyl  alcohol,  but  FMN,  because  of  its  phosphate 
group,  IS  not.  AD  likewise  is  insoluble  in  organic  solvents.  As  the  pH  of 

nVfw  fluorescence  of  the  riboflavin  and  FMN  falls 

vhile  that  of  the  FAD  rises,  so  that  at  pH  2.9  the  latter  reaches  a  maximum 
equivalent  to  70%  of  that  of  riboflavin  and  FMN  at  that  pH.  BlaiZ” 

1  '  Negelein  and 

quantitative  assay  of  FAD  forwfehttT  ‘fi  employed  for  the 

sulfate  which  results  in  the  prLpitftira  of  *1'*^'* 
maiuin,  in  the  supernatant  d^uid.C “dt^^^So:; 

-  r>- 

72  H  A  TTr  K  IP  romel,  Biochem.  Z.  300  ,  225  (1939') 

.  Krebs,  Enzymologia  7,  53  (1939). 
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acid,  with  di-alanine  usually  employed  as  substrate,  is  followed  either  mano- 
metrically  by  measuring  the  oxygen  uptake  or  chemically  by  a  determina¬ 
tion  of  the  NH3  or  keto  acid  liberated  and  is  compared  against  rates  ob¬ 
tained  with  known  amounts  of  FAD  when  added  to  the  apoenzyme  solution. 


6.  Flavin  Content  of  Tissues 

Free  riboflavin  appears  to  be  present  to  a  significant  extent  in  the  retina 
of  certain  animals  and  fishes,  in  milk,  and  in  the  urine.  The  findings  of 
Bessey,  Lowry,  and  Love®^  indicate  that  riboflavin,  like  the  other  B  vi¬ 
tamins,  occurs  mostly  in  bound  forms,  FAD  being  the  major  constituent. 
The  FAD  content  varies  from  90%  of  the  total  riboflavin  content  of  the 
muscle  to  70%  in  the  kidney.  The  remainder  occurs  mainly  as  FMN,  with 
free  riboflavin  being  present  in  only  trace  amounts. 


7.  Metabolism  of  Flavin  Coenzymes 

Klein  and  KohiT®  found  that  riboflavin  can  be  converted  to  FAD  by 
red  blood  cells,  both  in  vitro  and  in  vivo.  Trufanov^^  reported  the  synthesis 
of  FAD  by  rat  liver  slices.  Recently,  the  mechanism  of  the  over-all  con¬ 
version  has  been  elucidated.  Kearney  and  Englard^®  have  isolated  a  kinase 
from  brewer’s  yeast  which  catalyzes  the  following  reaction: 

ATP  -t-  riboflavin  — »  FMN  +  ADP  (15) 

Kornberg  and  his  co-workers  have  shown  that  an  enzyme  in  yeast  and 
liver”'  ”  can  synthesize  FAD  from  FMN  and  ATP  according  to  the 

following  scheme: 

FMN  -f  ATP  FAD  +  pyrophosphate  (16) 

8.  Function 

Theorell™  has  recently  written  an  excellent  review  article  on  the  flavo- 
proteins.  Only  a  short  discussion  of  their  f«™«on^^ll  he  I— 

therrr;r:i“^^^^  - 

T3  J.  R.  Klein  and  H.  I.  Kohn,  J.  Biol.  Chem.  139,  177  (1940). 

A.  V.  Trufanov,  C.  A.  38,  131  (19‘1'1)-  nosi) 

7.  E.  B.  Kearney  S^En^ard 

76  A.  Kornberg  and  W.  K.  1  ricer,  jr.,  (1950). 

77  A.  W.  Schrecker  and  A.  The  Enzymes,  Academic  Press,  New 

78  H.  Theorell,  in  Sumner  and  MyrbacK, 

York,  1951,  Vol.  II,  Part  1,  p.  329. 
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oxygen,  (b)  cytochrome  c,  (c)  fumaric  acid,  and  (d)  dyes.  The  various  com¬ 
binations  possible  between  these  two  groups  have  been  demonstrated. 

Although  most  of  the  flavoproteins  contain  FAD  as  their  prosthetic 
group,  Warburg’s  “old”  yellow  enzyme,  a  cytochrome  c  reductase,  and 
the  Z-amino  acid  oxidase  contain  FMN  as  coenzyme. 

The  diaphorases  are  flavoproteins  mediating  the  transfer  of  hydrogens 
from  the  reduced  pyridine  nucleotides  (DPN  and  TPN)  to  dyes.  The  cyto¬ 
chrome  c  reductases  mediate  this  transfer  to  cytochrome  c,  the  cytochrome 
oxidase  systems  taking  the  hydrogens  to  oxygen.  These  systems  have 
been  demonstrated  in  plant  and  animal  tissues  and  are  discussed  in  the 
chapter  18.  The  flavin  coenzymes  thus  play  a  central  role  in  the  transfer 
of  hydrogens  from  the  substrate  level  to  oxygen  via  the  cytochrome 
system. 

The  flavoproteins  are  thought  to  assume  an  even  more  significant  role 
in  organisms  and  tissues  in  which  the  cytochrome  system  is  either  non¬ 


existent  or  has  been  poisoned  by  cyanide.  The  anaerobic  bacteria,  many 

facultative  anaerobes,  carrot  leaves,  and  avocado  fruit,  as  well  as  the 

helminths,  contain  no  cytochrome  system.  Needham^^  j^as  reviewed  the 

pi  oblem  of  the  respiratory  systems  of  many  animal  species  and  gives  many 

examples  of  significant  non-ferrous  respiration.  It  is  also  known,  that  some 

respiration  remains  even  after  poisoning  the  metal-containing  cytochrome 

system  by  cyanide.  In  all  these  cases  it  is  felt  that  the  flavoproteins  serve 

a  role  111  the  terminal  transfer  of  hydrogens  either  directly  to  free  oxygen  in 

aerobic  systems  or  to  reducible  substances  of  various  kinds  under  anaerobic 
conditions. 


Several  reduced  flavoproteins  react  directly  with  oxygen  to  give  hydrogen 

MUhfr.r  f  f '  "  r™""  ^  -  --  general^ 

t  that  the  catalases  function  primarily  in  a  peroxidative  capacity  Seeley 
sir  ""7  1  “"<='»ding  that  flavoproteins  in 

hydrogenase.  Details  Iinceniinfthe,;  el  diamine  oxidase,  and  fumaric 

articles  of  TheorelFs  and  Krebfl  ® 


The  Macmillan  Company, 
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IV.  Adenine  Nucleotides 

1.  Introduction 

The  adenine  nucleotides  (AMP,  ADP,  and  ATP)  comprise  a  family  of 
cofactors  which  are  of  prime  importance  in  the  transport  of  phosphate. 
The  importance  of  phosphate  as  a  means  of  transforming  chemical  po¬ 
tential  and  oxidation  energy  into  metabolically  active  forms  has  been  amply 
discussed  by  Lipmann*'^  and  by  Kalckar*^®  and  others  and  needs  no  elabora¬ 
tion  here.  The  major  role  of  the  adenine  nucleotide  system  is  the  transport 
and  storage  of  phosphate  bond  energy. 

In  a  recent  review,  Colowick*^  has  admirably  discussed  the  role  of  the 
adenine  nucleotides  in  various  transphosphorylation  reactions,  and  a 
thorough  consideration  is  given  to  the  enzymes  involved.  Only  the  more 
general  aspects  of  the  problem  will  therefore  be  discussed. 

2.  Structure  and  Chemistry 

The  adenine  nucleotide  system  consists  of  the  following  members:  ade¬ 
nosine  5'-phosphoric  acid  (AMP),  adenosine  diphosphoric  acid  (ADP), 
and  adenosine  triphosphoric  acid  (ATP).  The  structures  of  these  com¬ 
pounds  are  given  in  Fig.  5.  These  structures  have  been  confirmed  by  the 
classical  chemical  synthesis  of  Todd  and  his  co-workers.*^ 

It  is  to  be  noted  that  these  compounds  differ  from  each  other  only  in 
the  number  of  phosphate  groups.  The  phosphate  group  of  AMP  is  boim 
in  a  simple  ester  linkage,  whereas  the  terminal  phosphate  of  ADP  and  the 
two  terminal  phosphate  groups  of  ATP  are  bound  in  anhydride  linkage  and 
are,  in  Lipmann’s  nomenclature,**  “energy-iich  linkages.  ***,^,'n 
dicated  by  the  symbol  (~).  That  is,  these  linkages  liberate  around  0,000 
or  per  lie  on  hydrolysis,  in  contrast  to  around  3000  cal.  per  mole  lib- 
:mted  by  the  low'energy,  simple  ester  bonds 

\DP  and  ATP  are  characterized  by  their  acid  lability,  i.e.,  y  Y 
dlyzable  in  10  min.  by  1  A  acid  at  100«,  conditions  under  which  the  usual 
low-energy  bond  (for  example  the  hexose-6-phosphates)  aie  stab 

The  nulotides  are  interconvertible  by  the  enzyme  myokiiiase  uhicl 
catalyzes  the  following  transformation: 

2 ADP  AMP  -b  ATP 

At  equilibrium,  about  two-thirds  of  the  ADP  is  converted  and  the  same 

82  F.  Lipmann,  Advances  in  Enzyrnol.  1,  99  (1941). 

83  H.  M.  Kalckar,  Chem.  Revs.  28,  71  p  Academic  Press,  New 

84  S.  P.  Colowick,  in  Sumner  and  Myrback,  The  Enzymes,  ac 

York,  1951,  Vol.  II,  Part  b  P-  114. 

:  s.  p““;::i:fand  H.I^arr;:  bZ.  148,  117  (1943,. 
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equilibrium  is  attained  starting  from  either  side.  The  importance  of  this 
enzyme  will  be  considered  in  a  later  section. 


3.  Distribution  and  Method  of  Measurement 

The  adenine  nucleotides  are  widely  distributed  in  living  materials, 
having  been  reported  for  all  types  of  animal,  plant,  and  microbial  tissue. 
There  is  one  report  of  the  isolation  from  Thiohacillus  thiooxidans^'^  of  ATP 
with  the  phosphate  esterified  in  the  3  position  of  ribose  rather  than  in  the  5 
position. 

Chemical,  manometric,  and  spectophotomctric  methods,  as  well  as  a 
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Fig.  5 


combination  of  these  methods,  can  be  used  to  estimate  the  adenine  nucleo¬ 
tides  either  m  pure  solution  or  in  tissue  extracts. 

The  methods  for  measuring  these  nucleotides  are  baaed  on  two  distinctive 
properties  of  ttee  cofactom.  These  are:  (1)  their  cliaracteris^  at o! ptioi: 
t  260  ma  and  (2)  the  fact  that  ADP  and  ATP  have  one  and  two  wid- 
abile  phosphate  groups,  respectively.  For  example  the  nwonl.e  i 

.  S'u'  r'  T  r*"' 

G.  Schmidt,  .Z.  physiol.  Chem.  179,  243  (1928).  ^ 


350 


G.  DAVID  NOVELLI  AND  MORRIS  SOODAK 


absorption  at  2G0  mii.  This  method  was  developed  by  Kalckar.*®  When 
AMP  is  deaminated  to  inosinic  acid  by  this  method,  there  is  a  proportional 
decrease  in  absorption  at  260  m/x  and  a  corresponding  increase  at  240 
m/x.  By  noting  this  change,  AMP  can  be  quantitatively  determined. 

b.  ATP  can  be  estimated  by  noting  the  disappearance  of  acid-labile 
phosphate  when  hexokinase^®  is  allowed  to  transfer  the  terminal  phosphate 
of  ATP  to  glucose. 

ATP  +  glucose  Glucose-6-phosphate  -f  ADP  (18) 

From  this  equation,  it  can  be  seen  that  when  the  reaction  is  allowed  to  go 
to  completion  there  will  result  a  disappearance  of  50%  of  the  acid-labile 
phosphate.  Because  of  the  fact  that  in  the  above  reaction  an  acid  equivalent 
is  liberated,  owing  to  the  strongly  acid  character  of  the  new  OH  group  of 
ADP,  Colowick  and  Kalckar*®  have  developed  a  manometric  method  for 
following  the  course  of  this  reaction.  If  the  reaction  is  conducted  in  a  bi¬ 
carbonate  buffer,  the  evolution  of  CO2  can  be  used  to  estimate  the  transfer 
of  phosphate  and  thus  the  original  ATP  concentration. 

Kornberg®®  has  coupled  the  hexokinase  reaction  with  Zwischenferment 
and  TPN  and  has  developed  a  spectrophotometric  method  for  measuring 
ATP.  After  glucose-G-phosphate  is  formed  by  the  hexokinase  reaction, 
Zwischenferment  will  oxidize  the  glucose-6-phosphate  to  phosphogluconic 
acid  with  a  concomitant  reduction  of  TPN.  The  reduction  of  TPN  then 
reflects  the  ATP  concentration  in  the  solution  under  test. 

c.  ADP  can  be  specifically  measured  by  using  pyruvate  kinase.  The  re¬ 
action  utilized  is  the  following: 

Phosphoenolpyruvate  -f-  ADP  ^  Pyruvate  -f-  ATP  (19) 

If  this  reaction  is  coupled  with  lactic  dehydrogenase  and  reduced  DPN, 
the  pyruvate  formed  will  be  immediately  reduced  to  lactate,  with  a  cor¬ 
responding  oxidation  of  the  reduced  DPN.  The  oxidation  of  DPNH2  is 
then  a  direct  measure  of  the  ADP  present  in  the  original  solution.® 


4.  Function 

The  functions  performed  by  the  adenine  nucleotides  can  be  classified 
into  three  general  types,  as  follows:  (a)  transport  of  phosphate  on  the 
energy-rich  level;  (h)  transport  from  high  energy  to  low  energy;  ami  (e) 
activation  of  compounds  for  biosynthetic  reactions. 

a.  Transport  of  Phosphate  at  the  High-Energy  Level.  In  this  class  ol 
reactions  four  types  of  processes  can  be  distinguished,  name  y.  ( 
uptake  of  energy-rich  phosphate  bonds  created  at  the  substrate  lev  ,  (  ) 

H.  M.  Kalckar,  J.  Biol.  Chem.  167,  445  (1947). 

9“  A.  Kornberg,  personal  communication. 
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the  uptake  of  energy-rich  phosphate  bonds  created  during  electron  trans¬ 
port,  (3)  storage  of  energy-rich  bonds,  and  (4)  intermolecular  rearrangement 
of  energy-rich  bonds. 

(1)  The  Uptake  of  Energy-Rich  Phosphate  Bonds  Created  at  the  Buhstrate 
Level.  The  two  general  reactions  by  which  energy-rich  phosphate  bonds 
generated  at  the  substrate  level  are  transferred  to  the  adenine  nucleotides 
are  given  below: 


R— C— O— PO3H2  +  ADP  ^  R— C— OH  -f  ATP 


O 


(20) 


O 


COOH 


R  =  c— 0— PO3H2  -f  ADP  ^  R— C 


-f-  ATP 


(21) 


COOH 


O 


In  reaction  20  an  acyl  phosphate  transfers  its  phosphate  group  to  ADP, 
giving  rise  to  the  formation  of  ATP.  Examples  of  this  type  are  the  transfer 
of  phosphate  from  phosphoglyceryl  phosphate®^  and  from  acetyl  phos¬ 
phate.  Phosphoglyceryl  phosphate  arises  from  the  oxidation  of  phos- 
phoglyceraldehyde  during  the  oxidation  reduction  step  of  glycolysis.  Acetyl 
phosphate  may  arise  from  the  oxidation  of  fatty  acids, from  the  oxidation 
of  acetaldehyde,^^  during  the  metabolism  of  pyruvate  by  bacteria,  i.e., 
phosphoroclastic  spht,^^  fermentation, dismutation,”  and  oxidation. 

In  reaction  21  an  enol  phosphate  is  transferred  to  ADP.  An  example  of 

this  type  of  reaction  is  the  phosphate  transfer  from  phosphoenol  pyruvate 
already  considered.  ’ 

(2)  The  Uptake  of  Energy-Rich  Phosphate  Bonds  Generated  during  Elcc- 
rm  Transport.  \  ety  ittle  is  understood  regarding  the  mechanism  of  gen- 
whiU  °  ®''<^‘gy->'ii5h  phosphate  bonds  during  electron  transport,  hut 

(3)  Storage  of  Energy-Rich  Phosphate  Bonds.  .4fter  the  energy-rich  homh 

92  B^ochim.  et  Biophys.  Acta  1,  292  (1947). 

93 1?"  Chem.  155,  55  (1944). 

Ei.  R.  htadtman  and  H.  A  Barker  T  ni. 

••  E.  R.  Stadtman  and  H.  a'  Barw’  J  rU' 

•‘M.  F.  Utter,  F.  Lipmann  and  C  H  uf  t' 

"  H.  J.  Koepsall  and  M  Johnson  J  521  (1945). 

”  S.  Korkes,  A.  del  CampiUo  JT 

721  (1961).  '  '  ■  ®  “3  S.  Ochoa, /.  Bto(.  CAm.  m, 

••  F.  Lipmann,  Cold  Spring  Harbor  Symposia  Quant.  Biol.  7,  248  (1939). 
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happen.  For  example^  the  energy  may  be  tucked  away  in  storage  until  such 
time  as  it  is  needed  to  drive  some  vital  process.  In  vertebrates,  one  of  the 
largest  requirements  for  energy  is  muscular  activity.  It  is  not  surprising 
to  find  in  muscle  a  storehouse  of  energy,  since  in  the  course  of  existence  the 
muscles  may  be  called  upon  rather  abruptly  to  do  work  of  a  vital  nature 
which  requires  the  sudden  expenditure  of  large  amounts  of  energy.  This 
storehouse  of  energy  in  muscle  is  phosphocreatine.  ATP  reacts  with  creatine 
under  the  influence  of  the  enzyme  creatine  kinase  to  form  phosphocreatine.®® 

Phosphocreatine  +  ADP  Creatine  +  ATP  (22) 


In  invertebrates,  the  storage  function  is  taken  over  in  an  analogous  manner 
by  arginine. 

Phosphoarginine  +  ADP  Arginine  +  ATP  (23) 


The  ready  reversibility  of  these  reactions,  since  there  is  relatively  no  free 
energy  change  involved,  makes  it  easy  for  the  storage  compounds,  phos¬ 
phocreatine  and  phosphoarginine,  to  deliver  energy-rich  phosphate  to  ADP 
in  the  formation  of  ATP  as  the  demand  of  the  organism  requires. 

(4)  Inter  molecular  Rearrangements.  In  the  uptake  of  energy-rich  phos¬ 
phate  generated  either  at  the  substrate  level  or  by  electron  tianspoit,  it 
was  noted  that  ADP  is  the  primary  acceptor.  Since  the  cell  does  not  have 
an  unlimited  amount  of  adenine  nucleotide,  ADP  must  be  regeneiated 
from  ATP  in  order  to  have  enough  phosphate  acceptor  available  to  take 
up  the  energy-rich  phosphate  as  fast  as  it  is  formed.  In  the  previous  section, 
one  method  of  regeneration  of  ADP  was  illustrated  in  the  storage  of  eneigy 
as  phosphocreatine  or  phosphoarginine.  A  second  method  by  which  ADP 
may  be  regenerated  is  in  the  utilization  of  the  ATP  energy  for  biosynthetic 

purposes.  This  reaction  will  be  dealt  with  below. 

Living  systems  have  still  another  mechanism  for  making  ADP  available 
as  a  phosphate  acceptor  and  that  is  the  myokinase  ■'eact.on-  previous  y 
mentioned  whereby  1  mole  of  ATP  may  react  with  1  mole  of  AMP  to  yield 
2  moles  of  ADP.  Such  a  device  then  serves  the  purpose  of  regeneiatmg  A 
from  ATP  as  long  as  a  source  of  AMP  is  available.  Ihis  enzyme  vi  sene 
to  keep  the  proper  adenine  nucleotides  in  desirable  concentration  as 

"aSort'ol‘Csphate  from  High-Energy  to  Low-Energy  Levels. 
The'  utilization  of  pyrophosphate  bond  energy  of  ATP  to  the  formation 
of  low-energy  bonds,  such  as 

nanied  by  the  release  of  a  large  amount  ot  liee  eneigy. 

Lotions  have  been  considered  to  be  variety  of 

1,1  addition  to  glucose  and  friictose-6-phosphates.  a  nide  vane  y 

«  K.  Lohmann,  Biochem.  2.  271,  264  (1934). 
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compounds  with  alcoholic  hydroxyl  groups  have  been  shoAvn  to  accept 
phosphate  from  ATP.  Some  of  these  compounds  are  various  hexoses, 
pentoses,  glycerol,  adenosine,  and  DPN.  The  type  reaction  is  represented 
by  the  equation: 

ATP  +  R— OH  R— O— PO3H2  +  ADP  (24) 


The  best-studied  example  of  this  type  of  reaction  is  the  conversion  of  glu¬ 
cose  to  glucose-6-phosphate  by  the  enzyme  hexokinase.  The  purpose  of 
this  reaction  appears  to  be  to  mold  the  glucose  molecule  in  such  a  fashion 
that  during  the  subsequent  fermentation  this  low-energy  phosphate  is 
again  raised  to  the  high-energy  state.  Starting  with  glucose,  the  fermenta¬ 
tion  requires  the  expenditure  of  two  high-energy  bonds,  but  four  energy- 
rich  bonds  are  produced,  which  give  an  over-all  net  gain  of  two  energy- 
rich  bonds. 

c.  Transport  of  Energy-Rich  Bonds  for  the  Activation  of  Compounds  for 
Biosynthetic  Purposes.  This  group  of  reactions  requires  the  utilization  of 
the  energy  of  the  pyrophosphate  bonds  of  ATP  for  various  syntheses. 

The  utilization  of  ATP  energy  in  the  synthesis  of  fatty  acids,  sterols, 
carbohydrates,  and  proteins  has  been  demonstrated.  In  some  cases  a  direct 
demonstration  has  been  possible;  in  other  cases,  viz.,  protein  synthesis, 
only  an  indirect  approach  has  been  possible. 

Since  various  synthetic  reactions  will  be  considered  in  detail  in  other 

chapters  of  this  volume,  only  the  more  general  aspects  of  the  problem  will 
be  considered  here. 


The  classical  example  of  the  utilization  of  ATP  energy  for  synthetic 
purposes  IS  the  synthesis  of  glycogen  by  reversal  of  the  reactions  of  glv- 
colysis  Since  all  the  enzymatic  steps  in  glycolysis  have  been  shown  to  be 
reversible,  it  is  possible  to  synthesize  glycogen  from  pyruvate  by  reversing 
e  entire  reaction  This  would  require  the  net  expenditure  of  2  moles  of 
ergy-rich  phosphate  per  mole  of  pyruvate  converted  to  glucose 

are  lesTwell  reactions 

enl™  f  L  ^  "sualize  three  possible  mech- 

an  sms  for  the  activation  of  molecules  for  synthetic  reactions  These  are- 

(1)  direct  phosphorylation  of  the  substrate,  (2)  phosphorvlation  of  « 
enzyme  and  (3)  phosphoiylation  of  the  en;yme  ' 

(  )  irect  Phosphorylation  of  the  Substrate.  There  are  sevpi-nl  i 

:  or;atTd’’:y“°"-  eTsTht- 

of  a-phSl^^^^^^  and  the  phosphoryl^io; 

Another  reacZ  of  thisToe  1^7  n 

butyrate,  yielding  the  respective  acyl^phos^hate?-*'™ 


Acetate  -f-  ATP  Acetyl  phosphate  -f  ADP 


(25) 
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However,  it  must  be  admitted  that,  of  all  the  synthetic  reactions  in  which 
ATP  is  involved,  the  observation  of  a  phosphorylated  substrate  is  relatively 
rare.  In  the  majority  of  the  ATP-driven  reactions  attempts  to  demonstrate 
the  intermediate  formation  of  a  phosphorylated  substrate  molecule  have 
been  unsuccessful.  Outstanding  examples  of  this  are  (1)  synthesis  of  glu¬ 
tamine  from  glutamic  acid,  ATP,  and  ammonia  and  (2)  protein  synthesis. 

*(2)  The  Intermediate  Phosphorylation  of  a  Coenzyme.  For  a  longtime  the 
reaction  between  ATP,  acetate,  and  CoA  leading  to  the  formation  of  acetyl- 
CoA  was  another  example  of  a  reaction  in  which  the  demonstration  of  a 
phosphorylated  intermediate  was  unsuccessful.  The  transfer  of  phosphate 
from  ATP  to  acetate  to  form  acetyl  phosphate  was  excluded,  .since  the 
addition  of  acetyl  phosphate  in  place  of  acetate  +  ATP  could  not  support 
the  subsequent  synthetic  reaction. 

The  recent  elucidation  by  Lipmann^''®  •  and  his  co-workers  of  the 
mechanism  of  this  reaction  has  now  added  a  new  type  of  phosphate  transfer 
by  ATP.  In  this  reaction  the  entire  pyrophosphate  group  of  ATP  is  trans¬ 
ferred  to  the  coenzyme.  The  reaction  is: 

ATP  +  CoA  ^  CoA— P— P  +  AMP  (26) 

CoA — P — P  -1-  acetate  Acetyl — CoA  -f  P — P  (27) 


Reaction  26  shows  that  the  pyrophosphate  group  of  ATP  is  transferred  to 
CoA  to  form  pyrophosphoryl-CoA  and  AMP.  And  in  reaction  27  acetate 
displaces  the  pyrophosphate  group  from  CoA  to  form  acetyl-CoA  and 
inorganic  pyrophosphate.  By  reversal  of  these  reactions  a  new  mechanism 
for  the  formation  of  ATP  from  inorganic  pyrophosphate  and  AMP  be¬ 


comes  available. 

A  somewhat  similar  reaction  for  the  formation  of  AlP  from  inorganic 
pyrophosphate  was  described  by  Kornberg.'“  This  reaction  differ  from 
the  CoA  reaction  in  that  ATP  is  formed  by  the  pyrophosphorolysis  of  DPN. 
The  reaction  is  described  by  the  equation: 

^  p — p  ^  ATP  -1-  NMN  (28) 


Here,  then,  are  two  examples  of  the  formation  of  ^TP  from  ■norgan 
pyrophosphate.  The  intermediate  pyrophosphoiylation  of  CoA  is  the  fi 
example  of  the  activation  of  a  coenzyme  by  ATP  in  which  the  energy-i  h 
Lndl  maintained  so  that  it  can  be  utilized  to  activate  a  substrate  molecule 

PhosphorijUition  of  Enzyme.  There  are  no  known 


..I  M“E.“jVnel  R-'Klynn,  and  F.  Lipmann,  Federation  Proc.  11,  ISO 

...  fS^ann,  M.  E.  Jones,  S.  Black,  and  R.  M.  Flynn,  J.  A,n.  Ckern.  Soe.  74, 
.0*  A.  Kornberg,  J.  Biol.  Chem.  182,  779  (1950). 
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reactions  of  this  type,  but  this  mechanism  is  proposed  as  a  possible  ex¬ 
planation  for  these  reactions  involving  the  utilization  of  ATP  energy  in 
which  no  phosphorylated  intermediate  can  be  detected  (glutamine  syn¬ 
thesis  for  example).  The  reaction  could  be  visualized  to  follow  this  course: 


E  -f-  ATP  ^  E—F  -I-  ADP  (29) 

E—P  +  E—A  +  P  (30) 

E—A  -1-  B  ^  A — B  +  E  (31) 


In  reaction  29  ATP  may  react  with  some  site  on  the  enzyme  to  form  an 
enzyme  phosphate  (or  pyrophosphate)  in  which  the  energy-rich  character 
of  the  bond  is  maintained.  Reaction  30  depicts  the  exchange  of  the  phos¬ 
phate  group  with  substrate  molecule  A  which  now  becomes  activated.  In 
equation  31  is  depicted  the  reaction  between  the  activated  substrate  en¬ 
zyme  and  an  acceptor  molecule  B  to  complete  the  condensation  reaction 
and  liberate  free  enzyme.  The  essence  of  this  scheme  is  that  no  phosphory¬ 
lated  substrate  molecules  appear  during  the  reaction. 

There  are  of  course  other  reactions  which  are  theoretically  possible  in 
which  no  phosphorylated  substrate  would  appear.  For  example,  the  first 
could  involve  a  complex  between  enzyme  and  ATP,  viz.. 


E  +  ATP 


4-  p 


and  then  the  same  sequence  of  reactions  as  shown  above  would  achieve 

the  same  purpose,  i.e.,  the  activation  of  the  substrate  without  its  direct 
phosphorylation. 

It  appears  hkely  that  this  type  of  reaction  may  eventually  be  found  as 
an  explanation  for  these  reactions  involving  ATP  and  in  which  a 
phosphorylated  substrate  cannot  be  demonstrated 

d.  Miscellaneous  Reactions.  There  are  a  few '  reactions  in  which  the 
enyhc  sptem  appears  to  be  involved,  but  as  yet  the  mechanism  of  the.se 
reartions  is  not  known.  Adenylic  acid'”’  has  been  shown  to  accelerate  the 

. . . 

no  reason  for  such  a  requirement  has  been  posUilater  ' 


V.  Glucose  Diphosphate  and  Diphosphoglyceric  Acid 

1.  Introduction 


P.'  K;  SruLpflnd  W  ®‘'a  - 

•  oomis,  Arch.  Btochem.  26,  451  (1950). 
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play  a  role  in  the  transport  of  phosphate  at  the  low  energy  level.  It  has 
already  been  seen  that  the  adenylic  nucleotides  transport  phosphate  be¬ 
tween  molecules  at  the  high-energy  level  or  from  a  high  level  to  a  low  level. 
The  phosphomutases  are  enzymes  which  transfer  a  phosphate  group  from 
one  position  in  a  molecule  to  another  in  the  same  molecule.  Two  such 
enzymes  are  found  in  the  glycolytic  scheme.  Phosphoglucomutase,  in  the 
presence  of  glucose-l-6-diphosphate  catalyzes  the  interconversion  of  glu¬ 
cose- 1-phosphate  to  glucose-6-phosphate,  and  phosphoglyceromutase,  in 
the  presence  of  2,3-phosphoglyceric  acid,  equilibrates  3-phosphoglyceric 
acid  and  2-phosphoglyceric  acid.  This  section  will  deal  almost  exclusively 
with  the  coenzyme  glucose  diphosphate. 


2.  Historical 


Cori,  Colowick,  and  Cori^^^  were  the  first  to  study  the  phosphogluco¬ 
mutase  reaction,  and  they  demonstrated  the  widespread  occurrence  of 
this  enzyme  in  animal  tissues  and  in  yeast.  The  muscle  enzyme  was  finally 
crystallized  by  Najjar.i««  Leloir  and  his  co-workers^o' • proved  the 
necessity  of  a  coenzyme  for  the  reaction  and  showed  that  the  coenzyme 
was  glucose- 1 -6-phosphate.  For  many  years  the  coenzyme  had  escaped 
detection  because  the  glucose-l-phosphate  used  as  the  substrate  for  the 
reaction  was  contaminated  with  minute  amounts  of  the  glucosediphosphate. 


3.  Structure  and  Chemistry  of  Glucose  Diphosphate^®® 

The  structure  of  the  coenzyme  is  given  in  Fig.  6.  The  coenzyme  is  a  non¬ 
reducing  substance.  Heating  in  0.1  N  hydrochloric  acid  at  100  for  10 
min  hydrolyzes  the  labile  1-phosphate  group  and  destroys  biological  ac¬ 
tivity  One  equivalent  of  aldose  is  formed  per  mole  of  phosphate  split  off. 
Glucose-6-phosphate  was  shown  to  be  the  remaining  product. 

a  Isolation.  The  isolation  of  the  coenzyme  was  carried  out  by  the  to 
lowing  procedure:  Fresh  yea:st  is  incul,ated  with  sugars  and 
the  presence  of  ether.  This  raises  the  coensyme  “ 

told  Starting  with  a  l.oiled  juice,  a  lead  salt  is  precipitated,  and  then  de 
composed  with  H2S.  Contaminating  fructose  diphosphate,  y^ic  1  accii 
irring  the  coenzyme,  is  selectively  destroyed  by  alkali  treatment. 

...  G  T  Cori,  S.  P.  Colowick.  and  C.  F.  Cori,  J.  liiol.  Ckem.  124,  643  (1938). 

::l  kpnZ'L^F"i:e.otu.""Tmccrc?E.  Cardini,  and  A.  Paladini,  drck. 

...  “1  TiTrLo.  C.  E.  Cardini,  A.  Pahidini,  and  R.  Caputto,  AroA 

...  “ardmi!  A.^pldini,  R.  Caputto,  L.  F.  Leloir,  and  R.  E.  Turcco,  ArcA 
Biochem.  22,  87  (1949), 
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After  a  second  lead  precipitation,  a  barium  precipitation  is  followed  by  an 
acetone  precipitation  of  the  barium-free  product.  The  coenzyme  is  finally 
isolated  as  a  water-insoluble  barium  salt  at  pH  8. 

The  coenzyme  is  the  a  isomer  of  glucose  diphosphate.  Its  synthesis  has 
been  achieved  by  Posternak”®  in  the  following  maimer:  /3-l-Bromo-2,3 ,4- 
triacetyl-6-diphenylphosphonoglucose  is  reacted  with  silver  diphenylphos- 
phate.  The  product,  upon  removal  of  the  phenyl  and  acetyl  groups,  yields 
the  coenzyme. 


0 

II 

HO-P-OH 

I 

0 

I 

HC - 


HC-OH 

I 

HC-OH 

I 

HC - 


0 


OH 


CH2-O-P-OH 

II 

0 

Glucose-  1-6-drphosphate 
Fig.  6 

4.  Mechanism  of  Action 

1  knowledge  of  the  coenzyme  existed,  the  transformation  of  glucose- 

-p  osphate  to  the  -6-phosphate  was  considered  to  be  an  intramolecular 

w^h  tT’  T'"'*  phosphate  entered  into  exchange 

eveJ  ‘^fj'^^Ph^'^Ph^tee  as  determined  by  isotopic  experiments.  Hoi 

I  ^  discovery  of  the  coenzyme,  Leloir”'®  postulated  the  fei 

lowing  intermolecular  reaction  The  -1  nhosnh«te  1  P“«™'ated  the  fol- 

coenzyme  molecule  heenmpc  t  /  iuoiecuie.  i  he  original 

This  is  shown  in  the  following  schemer’  ^  ^  ^^ose-6-phosphate  molecule. 

ffiucose-l -Phosphate  -f  glucose-1 -6-diphosphate  ^ 

T,,  .  »l“»«-l-6-Diphosplmte  +  glucose-6.phosphate 

he  coenzyme  is  thus  being  converterl  tr»  «iiK  f 

being  regenerated  from  substrate.  This  mechldlm  1 
"•T  p™..  v  ,  "‘'’^''Pamsm  was  proved  by  Slither- 

ernak,  J.  Biol.  Ckem.  180,  1269  (1949). 
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land  and  co-workers/“  who  incubated  glucose-l-phosphate,  labeled  with 
and  in  the  presence  of  unlabeled  coenzyme.  They  found  both  of  the 
isotopic  markers  in  the  coenzyme  isolated  at  the  end  of  the  reaction.  This 
was  the  first  demonstration  of  such  a  mechanism  in  enzyme  chemistry. 

Sutherland  and  co-workers“^  also  found  the  same  mechanism  to  apply 
to  the  phosphoglyceromutase  reaction  mediated  by  2,3-phosphoglyceric 
acid. 

3-Phosphoglycerate  +  2 , 3-diphosphoglycerate 

(34) 

2,3-Diphospho3Zt/cera<e  -f  2-pliosphoglycerate 


5.  Function 


These  coenzymes  serve  the  specific  function  of  mediating  a  particulai 
transphosphorylation  at  the  low-energy  level.  It  is  interesting  that  Gieen- 
wakfii^  had  found  in  1924  that  the  erythrocytes  of  certain  mammals  con¬ 
tained  large  amounts  of  2,3-phosphoglyceric  acid.  The  function  of  this 
substance  is  only  now  understood.  Leloir^^^  has  also  found  that  the  phos- 
phoglucomutase  of  yeast  and  muscle  can  convert  mannose-l-phosphate  to 
mannose-G-phosphate  at  a  rate  forty  times  slower  than  the  glucose  phos¬ 
phate  conversion.  Some  mannose-l-6-diphosphate  was  also  detected.  He 
has  suggested  that  the  1,6-diphosphates  of  other  hexoses  and  the  1,5- 
diphosphates  of  pentoses  will  probably  prove  to  be  coenzymes  for  their 
respective  phosphomutases. 

6.  Enzymatic  Estimation  and  Distribution 
OF  Glucose  Diphosphate 


An  extract  of  dried  brewer’s  yeast  serves  as  the  source  of  the  phospho- 

glucomutase  enzyme.  Glucose-l-phosphate  (non-red«cmg)  m  th®  pmseuce 

of  magnesium  and  the  enzyme  are  incubated  tor  10  mm.  at  37  . 1  he  glu  . 
6-phosphate  (reducing)  formed  is  measured  by  a  copper  -duct  on  ^thod 
Ld  compared  against  a  curve  prepared  using  known  amounts  of  the  di 

phlrhate.  In  the  organs  of  the  rat.  the 

per  gram  were  observed:  muscle,  0.006  to  0.1;  heart  ’ 

5vpr  0  017-  kidney,  0.008;  intestine,  0.007;  and  blood,  0.013  to  0  130.  me 

about  100%  in  coenzyme  content  ol  muscle  we 
glucose,  adrenalin,  or  insulin. 

”  „  1  1  r’  TT  r'nri  J  Biol.  Chein.  180, 

lu  E.  W.  Sutherland,  M.  Cohn,  T.  Posternak,  and  C.  F.  Con,  J. 

1285  (1949).  ^  .  J  Chem.  179,  501  (1949). 

.u  E  W.  Sutherland,  T.  Posternak,  and  C.  1;  Con,  d.  moL 

m  I.  Greenwahl,  J  llwl  phosphorus  Metabolism,  The  Johns  Hop- 

114  C.  F.  Leloir,  in  McElroy  and  Glass,  1  hospnorus 

kins  Press,  Baltimore,  1951,  Vol.  I,  p.  67. 
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7.  Metabolism  of  Glucose  Diphosphate 

The  biochemical  formation  of  the  coeiizyme  has  been  found  to  occur  by 
two  possible  mechanisms,  both  demonstrated  by  the  Argentina  group. 
Muscle  and  yeast  contain  an  enzyme, a  phosphoglucokinase,  which 
mediates  the  following  reaction: 

ATP  +  glucose-1 -phosphate  —>■  Glucose-1 -6-phosphate  -f  ADP  (35) 

Escherichia  coli  contains  an  enzyme”®  which  carries  out  a  transphosphoryla¬ 
tion  between  2  moles  of  glucose-l-phosphate  to  yield  glucose  diphosphate. 

2  Glucose-l-phosphate  Glucose-1 -6-diphosphate  -|-  glucose  (36) 

VI.  Thiamine  Pyrophosphate 

1.  Introduction 

Thiamine  pyrophosphate  (TPP)  is  the  active  form  of  thiamine  in  the 
cells  of  all  organisms  and,  as  such,  is  important  as  a  coenzyme  in  the  de¬ 
carboxylation  of  a-keto  acids,  as  well  as  in  the  biosynthesis  of  certain 
acyloins.  In  view  of  the  recent  findings  of  Reed  and  De  Busk  (see  section 
on  pyruvate  oxidation  factor)  TPP  may  form  a  complex  with  a-lipoic  acid, 
which  may  be  the  coenzyme  for  the  oxidative  decarboxylation  of  a-keto 
acids. 


2.  Historical 

Neuberg  and  Karczag”^  in  1911  were  the  first  to  demonstrate  an  enzy¬ 
matic  cleavage  of  a  carbon-to-carbon  bond  when  they  found  that  an  enzyme 
m  yeast,  carboxylase,  mediated  the  decarboxylation  of  pyruvate  to  acet¬ 
aldehyde  and  CO2.  In  1932  Auhagen”®  found  that  alkaline-washed  yeast 
carboxylase  preparations  were  inactive  unless  the  washings  were  added 
ack  to  the  inactive  preparations.  Magnesium  and  a  heat-stable  organic 
factor  cRlled  cocarboxylase  were  shown  to  be  the  active  factors  in  the  wash- 
mgs.  The  cofactor  was  found  to  be  present  in  all  tissues.  In  the  same  year 
Simola-  provided  evidence  for  the  relationship  to  thiamine.  He  demon- 

tL't  ttii  ™  “carboxylase  preparations  and  found 

that  thiamme-deficient  animals  contained  less  cocarboxylase  than  did 
tissues  of  normal  animals.  o.xyiase  tnan  did 

Although  thiamine  was  isolated  in  pure  form  in  1926,=  the  structure  and 

M  9949™““’  '’“'“''‘"h  “d  R-  Caputto,  Arch. 

ils  Karczag,  Biochem.  Z.  36,  60,  68  (19in 

E.  Auhagen,  Z.  physiol.  Chem.  204,  149  (1932V  20q  90  r, 

330  (1933).  ’  20  (1932);  Biochem.  Z.  268, 

“*  P.  E.  Simula,  Biochem.  Z.  264,  229  (1932) 
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synthesis  of  the  vitamin  were  made  known  in  1936.  In  the  following  year 
Lohmann  and  Schuster^  isolated  the  crystalline  coenzyme  and  showed  it  to 
be  the  pyrophosphate  ester  of  thiamine.  The  coenzyme  has  been  variously 
referred  to  as  cocarboxylase,  diphosphothiamine,  aneurindephosphate,  and 
thiamine  pyrophosphate  (TPP).  In  this  chapter  the  terms  cocarboxylase 
and  thiamine  pyrophosphate  will  be  used. 

Although  Rarron'^®  had  shown  as  early  as  1932  that  gonococci  could 
carry  out  an  oxidative  breakdown  of  pyruvate  to  acetate  and  CO2,  it  was 
the  work  of  Peters  and  his  groups  on  thiamine-deficient  rats  and  pigeons 
which  indicated  that  thiamine  was  necessary  for  the  oxidative  breakdown 
of  pyruvate  which  occurred  in  animal  tissues.  Shortly  after  it  vas  shown 
by  many  investigators  that  pyruvate  breakdown  m  animal  tissues,  as 
w^ell  as  in  many  bacteria,  can  occur  only  in  the  presence  of  suitable  hydrogen 
acceptors  to  yield  acetate  and  CO2  and  that  free  acetaldehyde  was  not  an 


intermediate 


Lipmann’s^  discovery  in  1939  that  acetyl  phosphate  results  from  the 
oxidative  decarboxylation  of  pyruvate  foretold  the  fundamental  role  of 
TPP  in  initiating  reactions  leading  to  the  production  of  an  activa  e  -car¬ 


bon  fragment. 

3.  Structure  and  Chemistry 


The  structure  of  TPP  is  generally  written  as  follows; 


0  0 

II  II 

j-CHj-O-P-O-P-OH 

OH  0- 


Thiamine  pyrophosphate  (TPP) 

Fig.  7 


120  E  S.  G.  Barron  and  r .  . 

121  R.  A.  Peters,  Lancet  230,  1161  (1936). 
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is  cleaved  by  sulfite  to  form  the  sulfuric  acid  derivative  of  the  pyrimidine 
moiety  and  the  thiazole  pyrophosphate  moietyd^^ 

Upon  addition  of  2  moles  of  alkali  to  thiamine  hydrochloride  the  quater¬ 
nary  thiazole  ring  opens  to  form  an  acidic  sulfhydryl  group.  Ihis  isomeric 
sulfhydryl  form,  as  well  as  the  disulfide  form  of  both  thiamine^^®  and  1 
have  been  prepared.  The  formula  of  the  sulfhydryl  form  of  TPP  is  the 
following: 


CH, 


0 


O 


CHj-C' 


‘C-NHj 

i-CH,- 


C=C-CH2-CH2-0-P-0-P-0H 


/  I 


SH 


,-N 

HC 

II 

0 

'Thiol”  form  of  thiamine  pyrophosphate 
Fig.  8 


OH  OH 


Mild  oxidation  with  hydrogen  peroxide  at  pH  7.5  forms  the  disulfide,  while 
the  disulfide  can  be  reduced  back  to  the  sulfhydryl  form  by  cysteine  or 
reduced  glutathione. 

The  synthesis  of  TPP  from  thiamine  has  been  carried  out  by  several 
pyrophosphorylation  procedures.  The  usual  procedure  involves  the  reaction 
of  thiamine  and  polyphosphoric  acid  obtained  by  heating  orthophosphoric 
acid.  Velluz^^®  pointed  out  that  the  primary  product  in  this  procedure  was 
thiamine  triphosphoric  acid.  Viscontini,  Bonetti,  and  Karrer^^e  worked  out 

the  details  for  obtaining  thiamine  tri-,  pyro-  and  monophosphates  in  good 
yield. 

The  isolation  of  the  pure  crystalline  TPP  from  brewer’s  yeast  extract 
as  earned  out  by  Lehmann  and  Schuster,”  involved  various  precipitations 
as  barium,  picric  acid,  and  phosphotungstic  acid  salts,  fractional  precipita¬ 
tion  with  solvents,  and  an  adsorption  with  fuller’s  earth.  The  method  has 
no  practical  application. 


4.  Mechanism  of  Action 

The  mechanism  of  action  of  TPP  is  still  unknown.  However  an  anaivsis 
of  the  reactions  carried  out  by  TPP  enzymes  and  of  the  structural  requL- 

ISJ  A  Tauber,  J .  Am.  Chem.  Soc.  60,  2263  (1938). 

0.  Zima  and  R.  R.  Williams,  fier  730  941  noanv  v  '(i-  tv- 

Moll.  Z.  p/tysioZ.  Chem.  267,  210  (1941).  ^  T. 

m  L  Veu'*'  Hao.  Chim.  Acta  29,  711,  1981  (1946) 

■’•M.  msi 

XT.  jvarrer,  neLv.  thim.  Acta  32,  1478  (1949). 
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meiits  for  coeiizyme  activity  leads  to  some  conclusions  as  to  the  pos¬ 
sible  mode  of  action. 

In  the  yeast  carboxylase  system  thiamine  and  thiamine  monophosphate 
are  inactive.  Thiamine  pyrophosphate  reactivates  the  apoenzyme  maxi¬ 
mally.  It  has  recently  been  shown  that  thiamine  triphosphate  at  a  con¬ 
centration  four  to  five  times  that  of  TPP  can  saturate  the  apoenzyme  giving 
an  activity  equivalent  to  80%  of  the  1 PP  reconstituted  system. Since 
thiamine  and  thiamine  monophosphate  are  inactive,  it  would  appear  that 
a  pyrophosphate  linkage  is  necessary  for  activity.  This  linkage  is  assumed 

to  be  the  site  of  attachment  to  the  apoenzyme. 

The  metal  requirement  of  the  carboxylase  system  is  not  so  specific. 
Although  magnesium  and  manganese  are  the  best  activators,  other  divalent 
cations  in  higher  concentrations  may  replace  the  former.  The  metal  re¬ 
quirement  is  not  clearly  understood  but  is  assumed  to  play  a  role  in  binding 
the  coenzyme  to  the  apoenzyme.  Highly  purified  preparations 
carboxylase^^*  contain  1  gram-atom  of  magnesium  to  1  gram-mole  of  1  PI 
to  75,000  grams  of  protein. 

The  essential  nature  of  the  amino  group  of  the  pyrimidine  moiety  of  the 
molecule  is  dramatically  demonstrated  by  the  fact  that  desam.nothiamine, 
oxythiamine,  is  a  potent  antimetabolite  in  mvoP^  In  the  yeast  carboxy  ase 
syLm  both  oxythiamine  pyrophosphate-  and  oxythiamine  triphosphate 
are  competitive  inhibitors  of  TP1>.  Neither  oxythiamine  nor  its  phosphate 
are  active  in  this  respect.  The  function  of  the  ammo  f ^ 
subiect  of  much  speculation  since  1933  when  Tangenbech  thiee  years 
before  the  structure  of  thiamine  was  known,  predicted  that  the  citam 
would  cttein  an  amino  group  on  the  basis  work 

primary  amines  catalyzed  the  decarboxylation  of  a-keto  ac  ds  m  no 

aqueous  media.  .V  Schiff  base  intermediate  (see  section  on  pyi  i  .1 
Aiiucuus  iiic  ,  ,  ,  cli  ATplnifk  i*®  howcvcr,  showcd  that  thi- 

media  aiul  that  the  amino  group  does  not  behave  P  Y 
evidenced  by  its  very  sluggish  behavior  t  Recent 

.vork  on  the  infrared  S  P 

that  these  amino  groups  show  the  spectiai  piope 

■  I  .,n.l  I  liartos  y.  Btoi.  Cftein.  180*  1137  (1949)- 

r;  Kubowitz  and  w"  l.nugens,  cfeia.  189,293  (1951). 

::  A.  T  SSfand  L.  R“cer;::do,  A5.1r«,a  ll’eth  Meeting,  .American  Chennca, 

Society,  September,  1949,  p.  61m 
131  L.  Velluz  and  M.  Herbain,  J.  Biol,  the  ^ 

<«  W.  Chem.  131,  597  (1939). 

m  K.  G.  Stern  and  J.  L.  Melnick,  .  ^ 

».  L.  N.  Short  and  H.  W.  Thompson,  J.  Chem.  boc. 
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The  function  of  the  amino  group  in  TPP  is,  therefore,  still  an  open  question. 
However  Reed  and  De  Busk’®'*"’  ^  suggest  that  o:-lipoic  acid  is  connected 
to  thiamine  through  a  peptidic  linkage  between  the  carboxyl  of  a-lipoic 
acid  and  the  amino  group  of  thiamine  to  form  lipothiamide.  This  finding 
would  account  for  the  essential  nature  of  the  amino  group  as  far  as  oxidative 
decarboxylation  is  concerned. 

Recent  evidence  suggests  that  the  thiazole  ring  and,  in  particular,  the 
sulfur  atom  of  that  ring  may  be  the  center  involved  in  the  primary  attack 
on  pyruvate.  Thiamine  disulfide  is  as  active  as  thiamine  in  vivo,'^-^  and 
Karrer  and  Viscontinii24  have  found  that  the  thiol  form  of  TPP  is  as  active 
as  TPP  in  the  yeast  carboxylase  assay.  Evidence  for  the  open-ring  form  of 
thiamine  in  nature  also  is  at  hand.  Approximately  50%  of  the  thiamine  in 
milk  has  long  been  known  to  be  present  in  a  form  which  is  released  only 
upon  treatment  with  a  proper  proteolytic  enzyme. In  the  light  of  present- 
day  knowledge  this  bound  form  is  suggestive  of  a  thiamine-protein-S-S 
complex  or  of  lipothiamide.  Bonvicino  and  Hennessey’^®  have  prepared  a 
complex  of  the  former  type  and  found  it  to  be  biologically  active  to  the 
extent  of  90  %.  Myrback  and  his  co-workers^®^  have  evidence  to  the  effect 

that  well-aerated  baker  s  yeast  contains  what  is  probably  the  disulfide  form 
of  TPP. 


It  is  of  interest  to  note  that  the  thiol  form  of  TPP  contains  the  j8-thiol- 

ethylamine  configuration  present  in  coenzyme  A.  The  fact  that  glutathione, 

coenzyme  A,  and  the  pyruvate  oxidation  factor  all  are  sulfur-containing 

compounds  is  highly  suggestive  of  the  possibility  that  TPP  is  also  active 

m  the  thiol  form.  Cavallinii^s  has  recently  shown  that  in  vitro  at  pH  7.4, 

the  oxidation  of  GSH  by  oxygen  in  the  presence  of  traces  of  copper  or 

cytochrome  c  may  be  coupled  with  a  simultaneous  oxidation  of  pyruvate 

to  acetate  and  CO,.  The  reaction  probably  depends  on  the  intermediate 

lormation  of  a  GSH-pymvate  complex  and  is  suggested  as  a  possible  model 
for  the  action  of  TPP. 

K':0UP  of  TPP  involved  in  the  attack  on  a-keto  acids 
still,  therefore,  remains  in  doubt.  The  nature  of  the  primary  product  formed 

eTcidatrtr'™  1  unequivocaUy 

eucidated.  Rather  good  evidence  exists,  however,  which  indicates  that 

meTTPp"  2-carbon  frag- 

Ovi  I  f  m?™*’  fragment  is  at  the  aldehyde  level  of 

oxidation.  This  primary  product  will  here  be  called  the  “acetaldehyde 

':Z  I  '*■  J- ««.  CheiH.,  199.  873  (19521 

N.  HalX'nll  H  J  ZrT  O''®)’. 

136  Q  rr  .  .  •  J- iJeuel,  Jr.,  J .  Biol.  Chem.  140,  555  (1941 1 

ical  Society, "MarTh,  I95I'  Meeting,  American  Chem- 

"•  d!  '^4  (1945). 
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TPP”  complex.  It  will  be  seen  that  by  assuming  such  a  complex  the  TPP 
catalyzed  reactions  fall  into  a  logical  pattern. 

Several  reviews^*®*  are  available  which  provide  a  detailed  account  of 
the  reactions  mediated  by  TPP.  The  discussion  to  follow  will  center  about 
a  scheme  for  understanding  how  these  reactions  may  give  rise  to  a  variety 
of  products.  Weil-Malherbe'^i  and  Martins, the  early  forties,  presented 
hypotheses  to  account  for  these  products.  More  recent  knowledge  has 
provided  the  basis  for  the  modification  of  these  earlier  schemes. 

The  action  of  TPP-containing  enzymes  on  pyruvate  falls  into  two  groups; 
(1)  decarboxylations  of  the  non-oxidative  type  which  lead  to  products  at 
the  aldehyde  level  of  oxidation,  namely,  acetaldehyde  and  the  acyloins, 
and  (2)  decarboxylations  of  the  oxidative  type  which  lead  to  substances 
at  the  acid  level  of  oxidation,  such  as  acetic  acid,  acetyl  phosphate,  and 
acetyl-CoA. 

The  postulated  common  intermediate  involved  in  the  formation  of  these 
products  is  the  acetaldehyde-TPP  complex  which  arises  from  the  non- 
oxidative  decarboxylation  of  pyruvate. 


Pyruvate  +  TPP-enz.  ->  Acetaldehyde-TPP-enz.  +  CO2 


(37) 


The  acetaldehyde-TPP  may  then  (1)  split  to  yield  acetaldehyde,  2)  react 
with  itself  or  a  mole  of  free  acetaldehyde  to  give  the  acylom.  acetylmethyl- 
carbinol  (AMC),  or  (3)  pass  on  the  activated  acetaldehyde  molecule  to  a 
system  which  can  oxidize  it  to  a  substance  at  the  acid  'eve  o  oxi  a  mn. 
In  each  case  the  TPP  is  made  available  for  another  cataljd.c  cycle.  The 
acetaldehyde-TPP  intermediate  has  also  been  shown  to  be  derive  ,  n 
instances,  from  free  acetaldehyde^  and  f-tyl2«  In  some  bac 
teria,  the  intermediate,  derived  from  1 

acetaldehyde  to  a  second  mole  of  pyruvate  to  form  aceto  actic  acid 
The  ater  upon  decarboxylation  yields  AMC.  These  reactions  are  pre- 

...  F  Lipmann,  Cold  Spring  Harbor  Symposia  QmntBiol.  7,  248  (1939b  S.  Ochoa, 

Biological  Action  of  University  of 

1^0  S.  Ochoa,  Physiol.  Revs.  31,  56  (  95  ),  •  ’  n949)-  B  Vennesland, 

II  Part  1,  p.  49. 

H.'  Weil-Malherbe,  Nature  146,  106 
C.  Martius,  Z.  physiol.  Chem.  279,  96  (  9  ). 

T.  P.  Singer,  Biochim.  et  Biophys  ^  108  (105/^. 

146  D.  mtt  and  L.  O.  Krampitz.  Federation  Proc.  6,  301  (1947);  L.  O.  Kramp 
Arch.  Biochem.  17,  81  (1948). 
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sented  in  the  following  scheme: 


a.  Products  of  the  Aldehyde  Level.  Carboxylase  carries  ,  out  the  simple, 
non-oxidative  decarboxylation  of  pyruvate  to  acetaldehyde  and  CO2.  The 
enzyme  is  present  in  yeast,  molds,  some  bacteria,  and  some  plant  tissues, 
but  it  does  not  occur  in  animal  tissues. 

The  formation  of  acetoin  or  acetyl  methyl  carbinol  (AMC)  is  mediated 
by  some  TPP-containing  enzymes  of  the  non-oxidative  as  well  as  of  the 
oxidative  type.  It  is  a  product  at  the  aldehyde  level  of  oxidation  and  may 
be  looked  upon  as  a  condensation  of  2  moles  of  acetaldehyde,  i.e.,  an  acyloin 
condensation. 


CHa— CHO  -f  OCH— CHs  CH3— CO— C(HOH)— CH3  (38) 

Ihree  mechanisms,  at  least,  exist  for  the  formation  of  AMC  enzymatically. 
These  are:  (1)  from  2  moles  of  acetaldehyde,  (2)  from  1  mole  of  pyruvate 
and  1  mole  of  acetaldehyde,  and  (3)  from  2  moles  of  pyruvate. 

1.  The  highly  purified  wheat  germ  carboxylase  of  Singer"”  carries  out 
the  simp  e  decarboxylation  of  pyruvate  to  acetaldehyde  and  CO.  It  can 

fZ  pyruvate  and  acetaldehyde  or  form  2  moles  of 

acetaldehyde,  at  a  slower  rate.  The  fact  that  this  enzyme  can  form  AMC 
from  acetaldehyde  alone  indicates  that  this  TPP-enzyme  complex  can 

acetaldehyde-TPP  intermediate  directly  from  acetaldehyde,  which  has  the 
same  capacity  as  that  derived  from  the  decarboxylation  of  pyruvate  to 

acetaldehyde  molecule  to  form  AMC 

.1  ..a  „K,.,  „  U” 

and  Sch^vert™.  ■”  IiaTdelcrTedt  f"™"'  J^S^^iithan 

desciibed  a  homogeneous  pyruvic  oxidase  prepara- 

V.  Jagannathen  and  R.  S.  Sehwett,  /.  Biol.  Ckem.  196,  551  (1952). 
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tion  from  pigeon  breast  muscle  which  can  carry  out  the  following  reactions : 
(a)  the  oxidative  decarboxylation  of  pyruvate  to  acetic  acid,  (6)  the  forma¬ 
tion  of  AMC  from  pyruvate  which  can  be  increased  by  adding  acetaldehyde, 
and  (c)  the  formation  of  AMC  and  acetate  from  diacetyl  (CH3COCOCH3). 
Like  all  pyruvic  oxidase  systems,  free  acetaldehyde  is  not  an  intermediate. 
The  ratio  of  acetate  to  AMC  formed  by  this  preparation  in  the  presence  of 
pyruvate  and  acetaldehyde  is  changed  by  various  procedures.  If  the  con¬ 
centration  of  acetaldehyde  is  raised,  then  more  AMC  and  less  acetate  re¬ 
sults.  Conversely,  by  increasing  the  oxidizing  potential  of  the  system, 
more  acetate  and  less  AMC  is  formed.  This  is  strong  evidence  for  the  hy¬ 
pothesis  that  an  acetaldehyde-TPP  intermediate  is  the  primary  product 
formed  from  pyruvate  upon  decarboxylation.  The  intermediate  is  then 
trapped  at  the  aldehyde  level  in  the  formation  of  AMC  by  reacting  ^yth 
another  like  itself  or  with  a  mole  of  added  acetaldehyde  or  is  oxidized  to 
acetate.  Similar  evidence  is  derived  from  the  diacetyl  reaction  or  the  di- 
acetyl  mutase  system.  Diacetyl  behaves  as  an  alternate  substrate  lor 
pyruvic  oxidase.  Anaerobically  it  forms  one  C2  tragment  at  the  aldehyde 
level  the  acetaldehyde-TPP  intermediate,  and  one  at  the  acetate  leve  . 
The  acetaldehyde-TPP  intermediate  acts  exactly  as  that  derived  from 


3  In  the  ca^e  of  certain  bacteria  2  moles  of  pyruvate  are  necessary  ior 

the 'formation  of  a  mole  of  AMC.  Krampitz-«.  ■«  and  Ins  co-rvorkers  Imve 

Lcidated  the  mechanism  involved.  One  enYme,  which  requires  11, 

forms  acetolactate  from  2  moles  of  pyruvate,  the  acetaldehyde- 11 1  . nte. - 
loims  acetma  py^vate  condensing  with  the  second  mole  ol 

pytvlte  The  second  enlyme  decarhoxylates  the  acetolactate  to  form 

AMC. 


CH3COCOOH  +  TPP— El 


CH3CHO — TPP — El  4-  CO2  (39) 
HO 


CH.CHO-Tl>P— E.  -h  CH.COCOOH  CH.CO  C  CIl,  -t-  TPP  E,  (40) 


CH3CO' 


HO 

1 

-C— CIL 

1 

COOH 


Ed 


CO2  +  CHaCOCHOH— CHa 


(41) 


Except  for  a  few  bacteria  in  which  ^e  an 'insigihficant  reaction 

rr  oCl^t^  bee— ^  in  (i-aH  —  the  studies  on  the 


.«  E.  Juni,  J.  Biol.  Ckem.  196,  715,  727  (1952). 
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mechanism  of  its  formation  have  provided  the  best  clues  towards  under¬ 
standing  the  nature  of  the  primary  product  formed  upon  decarboxylation 
of  pyruvate. 

b.  Products  at  the  Acid  Level.  The  oxidative  decarboxylation  of  pyruvic 
acud  occurs  in  all  animal  tissues  and  in  many  bacteria.  It  is  a  reaction  of 
primary  physiological  significance,  since  it  generally  leads  to  the  formation 
of  an  activated  acetyl  compound,  acetyl-CoA,  which  feeds  into  the  tri¬ 
carboxylic  acid  cycle  to  provide  the  main  source  of  energy  to  the  organism. 
The  pyruvic  oxidases  which  have  so  far  been  studied  seem  to  perform  the 
oxidation  and  decarboxylation  of  pyruvate  simultaneously.  It  has  not  yet 
been  possible  to  break  this  reaction  into  individual  steps. 

The  work  of  Lipmamd  on  the  pyruvic  oxidase  system  of  Lactobacillus 
delbrueckii  serves  as  the  basis  of  present-day  knowledge  of  pyruvate  oxida¬ 
tion.  The  partially  purified  enzyme  system  for  the  oxidative  decarboxyla¬ 
tion  of  pyruvate  required  one  or  more  enzymes,  TPP,  FAD,  a  divalent 
cation,  and  either  inorganic  phosphate  or  arsenate.  No  decarboxylation  of 
pyruvate  occurred  unless  both  phosphate  and  FAD  were  present  in  ad¬ 
dition  to  TPP.  This  indicated  that  the  decarboxylation  was  intimately 
associated  with  the  dehydrogenation  of  pyruvate,  FAD  accepting  the 
hydrogens.  An  analysis  of  the  phosphate  requirement  led  to  the  isolation 
of  acetyl  phosphate.  This  significant  contribution  to  the  problem  of  “active 


acetate”  has  culminated  recently  in  the  work  on  acetyl-CoA.  The  absolute 
requirement  for  phosphate  or  arsenate  by  this  pyruvic  oxidase  indicates 
that  it  is  necessary  to  remove  the  acetyl  portion  from  the  coenzyme  with 
phosphate  m  order  to  free  the  coenzyme  to  act  catalytically.  This  study, 
then,  clearly  exemplifies  the  problems  associated  with  the  oxidative  de¬ 
carboxylation  reaction  in  general..  These  are:  (1)  the  apparent  necessity  for 
the  simultaneous  oxidation  and  decarbox^ylation  giving  rise  to  an  active 
acetyl,  and  (2)  the  removal  of  the  acetyl  group  to  allow  the  system  to 
act  catalytically.  The  removal  of  the  acetyl  group  may  be  accomplished 
hydrolytically  yielding  acetate,  phosphorylitically  yielding  acetyl  phos¬ 
phate,  or  by  transfer  to  CoA  yielding  acetyl-CoA.  ' 

additL"!!!  «^itlases  which  have  recently  been  described  are 

ditional  examples  which  illustrate  these  same  principles.  They  differ 

somewhat  from  each  other  either  in  the  method  of  handling  the  hydrogens 
imate  fate  of  the  2-carbon  residue.  In  Clostridium  butylicum 
the  end  products  are  acetyl  phosphate,  CO^,  and  H^.  In  these  reactions  the 
hydrogen  removed  from  pyruvate  is  not  used  to  reduce  ox“:  he  Vat 

tZZ-  C  "  Similarly!  in  the  py" 

acet!  CoA  oT!  t";  l>y  K^rkes  and  his  co-workers 

ac  tyl-CoA  or  acetyl  phosphate  represents  the  fate  of  the  C.  fragment, 

721  (1962*)*’  ^  Gunsalus,  and  S.  Ochoa,  J.  Biol.  Chem.  193, 
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while  the  hydrogens  are  used  to  reduce  an  additional  molecule  of  pyruvate 
to  lactate. 

The  pyruvic  oxidase  of  heart  muscle  recently  studied  by  Schweet  et 
is  still  another  special  case.  In  the  absence  of  added  CoA,  the  acetyl  moiety 
is  hydrolytically  cleaved  to  acetate;  TPP  is  the  only  required  cofactor  for 
this  reaction ;  in  the  presence  of  CoA,  the  end  product  is  acetyl-CoA.  The 
disposition  of  the  hydrogens  in  this  reaction  is  not  yet  clearly  indicated. 
It  is  reported  that  the  enzyme  is  relatively  free  of  pyridine  nucleotides,  as 
well  as  flavin  derivatives.  There  is  some  evidence  that  H2O2  may  be  pro¬ 
duced  as  a  product  of  the  reaction  with  oxygen.  The  authors  reach  the 
conclusions  that  their  enzyme  contains  an  auto-oxidizable  electron  carrier. 

In  general,  then,  the  oxidative  decarboxylation  of  pyruvate  may  be 
visualized  as  beginning  with  a  decarboxylation  of  pyruvate  leading  to  an 
acetaldehyde-TPP  complex  in  a  manner  similar  to  the  non-oxidative  re¬ 
actions  discussed  in  a  previous  section.  In  some  cases  this  acetaldehyde-TPP 
complex  may  react  without  further  change  to  form  acyloins,  as  in  Schweet’s 
experiments.  In  most  instances  the  oxidation  may  be  presumed  to  occur 
on  the  acetaldehyde-TPP  complex  and  may  lead  to  an  “acyl-TPF’  com¬ 
plex  The  latter  point  is  not  yet  clear,  since  there  is  no  evidence  of  the  ex- 
istence  of  an  acyl-TPP  complex.  The  fact  that  the  pyruvic  o^^dase  of 
Schweet  al.  leads,  in  the  presence  of  TPP,  to  the  " 

suraests  that  the  acetaldehyde-TPP  complex  may  be  oxidized  to  the  acy 
level  and  subsequently  cleaved  hydrolytically^  The  ®  ^  ^ 

factor  (POP)  almost  certainly  plays  a  role  m  this  oxidation,  but 
fanction  is  not  known  (see  Section  IX,  3).  Recently  Reed  and  DeBusk» 
have  reported  the  isolation  and  preparation  of  ' 

thiamine  and  a-lipoic  acid  (POF).  This  compound  appears  beja,  t  of 
coenzyme  for  oxidative  decarbo^  afam  o  “  ^  ®  ^  lipothiamide 

r/erco“sTfbp^^^^^^ 

a  simultaneous  oxidation  and  decarboxylation.  This,  honeier, 
yet  to  be  demonstrated. 

5  Methods  of  Assay 

a.  Chemical.  The  oxidation  of  ‘famine  by  ^alkaline 

strongly  "™7?“b‘thocHorThe  dSermination  of  thiamine.  The  thiamine 
for  a  fluorometric  "'cthoc  th  ^.ondiHons  to  the  corresponding 

Sre  ome  i^ins  ^dny  - 

t"hiamine,  and  it  is  therefore  possible 

ri  R  r  DeBusk  J  Am.  Chem.  Soc.  74,  3457  (1952). 

148  L.  J.  Reed  and  B.  G.  DeBusk, 

i«  B.  C.  P.  Jansen,  Rec.  trav.  chtm.  66,  1046  (19^6;. 
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to  determine  in  this  manner  the  free  thiamine  and  the  sum  of  thiamine 
monophosphate  and  TPP.  This  method  is  not  satisfactory  for  the  estima¬ 
tion  of  TPP  as  such,  since  thiamine  monophosphate  is  included  along  with 
TPP. 

b.  Enzymatic.  The  enzymatic  method  is  the  only  specific  method  for 
TPP.  Alkaline-washed  yeast  carboxylase  serves  as  the  apoenzyme,^  and 
the  decarboxylation  of  pyruvate  upon  addition  of  the  TPP  solution  is 
measured  manometrically  for  CO2  evolution  or  by  determining  the  acet¬ 
aldehyde  formed  and  then  compared  with  a  curve  prepared  with  known  con¬ 
centrations  of  TPP.  Many  factors  can  complicate  this  assay  procedure. 

6.  The  TPP  Content  of  Tissues 

Thiamine  is  found  in  nature  in  several  forms — as  free  thiamine,  the  mono¬ 
phosphate,  TPP,  and  probably  as  thiamine  bound  by  an  ■ — S — S —  linkage 
to  protein,  and  as  the  disulfide  of  TPP.  The  recent  report  of  Reed  and 
DeBusk^^^  indicates  still  another  naturally  occurring  bound  form  of  thi¬ 
amine,  lipothiamine,  the  amide  of  thiamine  and  a-lipoic  acid.  Many  un¬ 
solved  problems  still  remain.  In  the  animal,  although  TPP  constitutes  90% 
of  the  total  thiamine  content  in  some  tissues,  in  others  only  80%  occurs 
as  this  foim,  muscle  may  contain  more  than  50%  as  free  thiamine.  The 
total  thiamine  content  of  tissues  varies  from  10  jug.  per  gram  wet  weight 
for  liver  to  less  than  1  ng.  for  muscle  and  brain. 


7.  The  Metabolism  of  TPP 

Although  some  early  reports  presented  evidence  for  the  formation  of 
TPP  from  thiamine  and  inorganic  phosphate  apparently  by  the  action  of 
non-specific  phosphatases,  it  is  felt  at  present  that  ATP  usually  serves  as 
the  source  of  the  phosphate  groups  of  TPP.  Many  tissues  have  been  shown 
to  convert  thiamine  to  the  pyrophosphate  under  aerobic  conditions.  The 
early  reports  m  this  field  have  been  summarized  by  Ochoa.i^s  Weil-Mal- 

f  phosphorylation  in  cell-free  extracts 

(  942).  An  extract  of  dried  brewer’s  yeast  was  shown  to  form  TPP  from 
lamme  and  thiamine  monophosphate  in  the  presence  of  ATP  The  free 
lamine  yielded  fPP  at  a  more  rapid  rate  than  the  monophosphate  and 
this  was  interpreted  as  indicating  that  the  monophosphate  must  first  be 
dephosphorylated  to  thiamine.  Other  workers  have  demLtratTtbln  ' 
kinase  in  extracts  of  dog  liver'*'  and  rat  liver  '**  Recently  Stevn  P  "iai 

s:  -  “IS”;:;  r"“ "ir: 

e  preparation  can  phosphorylate  both  free 
1!!  Biochem.  J.  33,  1997  (1939') 

H*Se^“nd'FTut1iardt''if7i!‘‘S  ^ 

E.  P.  Stey„-Parv4,  Biockim.’et  sfsw 
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thiamine  and  the  monophosphate  directly.  The  exact  mechanisms  of  these 
reactions  are  not  yet  understood,  but  it  has  been  shown  that  ATP,  mag¬ 
nesium,  and  small  concentrations  of  orthophosphate  are  required  by  this 
system. 


VII.  Coenzyme  A 

1.  Introduction 

Coenzyme  A  (CoA)  has  recently  emerged  as  an  important  coenzyme 
in  the  transfer  of  acyl  groups  for  a  variety  of  biosynthetic  reactions  leading 
to  the  formation  of  carbon-to-carbon,  carbon-to-nitrogen,  and  carbon-to- 
phosphorus  bonds. 

The  presence  of  pantothenic  acid  in  this  coenzyme^^'^  and  the  fact  that 
most,  if  not  all,  cellular  bound  pantothenate  is  in  the  form  of  the  coenzyme 
explain  the  metabolic  function  of  this  vitamin. 

Coenzyme  A  was  discovered  by  Lipmann^^^  in  1945  as  necessai'y  foi  the 
acetylation  of  sulfanilamide  by  pigeon  liver  extracts.  Shortly  thereaftei-i^® 
this  same  coenzyme  was  identified  as  the  activator  of  choline  acetylation 
earlier  observed  by  Nachmansohn  and  Bermaiqi"  as  well  as  Feldberg  and 
Mann.’^^*  Subsequently,  work  from  Lipmann’s  laboratory as  well  as 
from  other  laboratories,  extended  the  role  of  CoA  to  a  large  variety  of 
transacetylation  reactions,  i.e.,  acetylation  of  aromatic  amines,^^^- syn¬ 
thesis  of  acetylcholine,^^^  of  citrate,i«^  -  of  acetoacetate,^««  of  fatty  acids, 
of  sterols,^®^  and  of  phospholipids. 


2.  Isolation 

Tlie  first  isolation  of  CoA  was  carried  out  by  using  hog  liver  as  a  sOTrce."’ 
After  a  series  of  heavy  metal  fractionation  steps,  material  about  307o  puie 
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was  obtained. Recently  a  microbiological  fermentation  has  been  found 
to  be  a  good  source  of  the  coenzyme. By  a  series  of  steps  involving  ad¬ 
sorption  and  elution  from  charcoal  and  chromatography  on  a  charcoal 
column,  the  preparation  of  material  estimated  to  be  50%  pure  has  been 
reported.  Starting  with  this  material  and  using  a  Zn-HCl  reduction  step, 
a  precipitation  by  Hg  and  passage  over  a  resin  material  of  about  95% 
purity  has  been  obtained.'®®  Green  and  his  co-workers*'^®  have  devised  a 
similar  method  and  have  successfully  applied  this  to  the  preparation  of  CoA 
from  yeast.  This  group  uses  a  charcoal  adsorption  and  elution  step,  fol¬ 
lowed  by  reduction  with  glutathione  and  precipitation  as  the  copper  salt. 
After  decomposition  with  H2S,  the  glutathione  is  removed  on  a  resin  which 
gives  them  a  product  about  80%  pure. 

More  recently,  Stadtman  and  Kornberg*'^*  have  made  use  of  the  low 
cross-linked  resin  DoAvex-1,  introduced  by  Cohn  for  the  separation  of 
nucelotides  from  nucleic  acid,  to  produce  high-potency  CoA  in  a  single 
step. 


3.  Chemical  Composition  and  Structure 


The  complete  stiucture  of  CoA  is  now  established.  The  coenzyme  is  a 
pantothenic  acid  derivative  in  which  the  vitamin  is  doubly  bound  and  is 
libel ated  by  the  combined  action  of  two  enzymes,  an  intestinal  phosphatase 
and  an  unidentified  peptidase  from  avian  liver.*®^-  *®®-  *72  xhe  latter  enzyme 
has  recently  been  found  in  fresh  extracts  of  hog  kidney.*73 

The  best  preparations  of  CoA  give  analyses  which  indicate  that  there  is 
present,  for  each  mole  of  pantothenate,  1  mole  each  of  adenine,  ribose,  and 
/3-mercaptoethylamine,  and  3  moles  of  phosphate.*®®  When  these  elements 
are  combined jvith  the  elimination  of  5  moles  of  water,  a  calculated  molecu¬ 
lar  weight  of  767  is  obtained,  which  is  in  good  agreement  with  the  observed 
mo  eciilar  weight  obtained  by  the  Northrop  Diffusion  ^lethod  of  800  ± 


The  structure  of  CoA  is  depicted  in  Fig.  10.  The  evidence  for  this  struc¬ 
ture  of  CoA  has  recently  been  reviewed'’*.  and  is  too  lengthy  to  be  con- 
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sidered  here  in  detail.  There  is  one  point  regarding  the  structure  on  which 
there  is  still  some  doubt,  namely,  the  position  of  the  phosphomonoester  on 
the  adenosine  moiety. 

Kaplan  and  Shuster^’^  and  Wang,  Shuster,  and  Kaplan’’^  ^^ve  recently 
obtained  evidence  suggesting  that  the  phosphomonoester  in  CoA  is  esteri- 
fied  at  a  different  position  from  the  monophosphoester  phosphate  group 
of  TPN.  Here  again  the  question  of  whether  the  phosphate  is  attached  to 
the  2'-  or  3'-hydroxyl  of  ribose  must  await  a  decision  as  to  whether  adenylic 
acid  “a”  and  “b”  are  the  2'-  and  3'-esters,  as  is  presently  thought.  The 
phosphate  in  CoA  is  esterified  at  the  same  position  as  it  is  in  adenylic 
acid  “b.”  Regarding  the  position  of  attachment  of  the  pyrophosphate 
bridge,  Baddiley  has  presented  evidence^^®  suggesting  that  the  pyrophos- 
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Fig.  10 

nhate  bridge  is  attached  to  the  4'  hydroxyl  of  pentothenate.  This  h^  heen 
confirmed  by  a  chemical  synthesis  of  4'  phosphopantethme  and  the  demon 
stration  of  its  conversion  to  CA  by  enzymes  present  m  pigeon  live  _ 
tracts  ■»“  Furthermore,  4'  phosphopantethme  is  active  in  stimulating 
growth  of  Acetobacler  in  a  manner  simi  ar  to  the  product  t 

Lzymatic  hydrolysis  of  CoA  by  snake  venom  or  potato  nucleot  d  py 

phosphatase.'®^' 

177  L.  Shuster  and  c/JSc.  74,  3204  (1952). 

178  T.  P.  Wang,  L.  Shuster,  and  N  O.  Kaplan, 

178  j.  Baddiley  and  E.  M.Thar^^^  and  F.  Lipmann,  Nature 

180  j.  Baddiley,  K.  raain, 

171:76  (1953).  ^  i  n 

o.  "em! 7  D:  LgoT;'R  m!  My-rand  F.  j.  schmeu,  Jr.,  Mrrchoa 
...  a  D.  Nivem!  n'o.  Kaplan,  and  F.  Lipniann,  Federation  Proe.  9,  -209  (.950), 


COENZYMES 


373 


4.  Methods  of  Assay 

CoA  is  usually  measured  by  using  the  assay  developed  by  Kaplan  and 
Lipmann4«'‘  This  method  uses  a  crude  bicarbonate  extract  of  acetone- 
dried  pigeon  liver,  which  is  converted  to  an  apoenzyme  by  aging  for  4  hr. 
at  room  temperature,  during  which  time  bound  CoA  is  destroyed.  Upon 
the  addition  of  acetate,  ATP,  sulfanilamide  (or  other  aromatic  amine) 
and  CoA,  the  acetylation  of  the  aromatic  amine  is  found  to  be  dependent 
upon  the  amount  of  CoA  added.  This  method  measures  from  0.25  to  2.0 
units  of  CoA. 

The  original  method  has  been  subjected  to  several  modifications.  One 
modification  utilizes  a  colored  aromatic  amine^*®  and  takes  advantage  of 
the  change  in  color  upon  acetylation.  The  advantage  of  this  method  lies 
in  the  fact  that  the  time  and  manipulations  required  for  the  development 
of  the  sulfanilamide  color  reaction  of  the  original  method  are  avoided. 

It  was  found  during  the  study  of  the  original  assay  method  that  the 
crude  piegon  liver  extract  contained  an  enzyme  capable  of  resynthesizing 
various  split  products  of  CoA^*^  to  the  intact  coenzyme  in  the  presence  of 
ATP.  Thus  the  so-called  “crude”  assay  responded  not  only  to  CoA  but  to 
some  of  its  degradation  products  as  well.  By  fractionating  the  pigeon 
liver  extract,  between  40  and  70%  saturation  with  ammonium  sulfate  an 
enzyme  extract  is  obtained  which  is  still  capable  of  acetylating  sulfanil¬ 
amide  but  is  no  longer  able  to  synthesize  the  coenzyme  from  its  split  prod¬ 
ucts.  This  procedure  thus  yields  a  more  discriminating  assay. 

After  the  discovery  that  acetylphosphate  could  be  activated  in  the 
presence  of  CoA  by  certain  microbial  extracts  for  various  synthetic  pur¬ 
poses, a  new  assay  for  CoA  was  developed  which  proved  to  be  most 
specific  since  it  no  longer  involved  the  use  of  ATP.  The  arsenolytic  de¬ 
composition  of  acetyl  phosphate  in  extracts  of  Clostridium  khiyveri,  a  re¬ 
action  discovered  by  Stadtman  and  Baker,!^^  ^yas  shown  to  require  CoA.  A 
study  of  this  reaction  showed  that  this  rate  of  decomposition  of  acetyl 
phosphate  is  directly  proportional  to  the  CoA  concentration.^**  Since  there 
IS  a  convenient  colorimetric  method  for  acetyl  phosphate,^**  the  reaction 
IS  very  easy  to  follow.  The  details  of  this  reaction  are  described  in  a  recent 
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Recently,  Green^®°  and  his  co-workers  have  described  a  new  assay  for 
CoxV  which  is  based  on  a  different  principle  from  the  previous  assays.  It 
has  been  reported  that  CoA  is  rec^uired  for  the  oxidation  of  a-ketoglu- 
tarate.'®^  Since  this  reaction  also  requires  the  presence  of  DPN,  a  spectro- 
photometric  method  in  which  the  reactants  are  so  adjusted  that  the  re¬ 
duction  of  DPN  is  dependent  upon  CoA  concentration  is  possible.  This 
method  is  rapid  and  veiy  sensitive. 

Although  several  microorganisms  have  been  described  which  will  re¬ 
spond  to  CoA,i®2-  193  Qf  these  has  been  found  to  be  specific  for  the 

coenzyme;  i.e.,  they  will  also  respond  to  various  degradation  products  or 
to  the  free  vitamin. 


5.  Mechanism  of  Action 


Barker^®^  has  recently  reviewed  the  metabolism  of  “active  acetate”  and 
has  discussed  the  role  of  CoA  in  the  various  transformations  of  acetate. 
Only  the  more  general  developments  regarding  the  mechanism  of  action 
of  this  coenzyme  will  be  discussed. 

As  the  study  of  CoA  developed,  it  became  apparent  that  the  coenzyme 
was  involved  in  reactions  whereby  acetate  was  activated  by  A1 P  and  sub¬ 
sequently  transferred  to  various  acetyl  acceptors.  In  pigeon  liver  extracts 
it  was  shown  that  acetate  could  be  activated  by  ATP  in  the  presence  of 
CoA  to  acetylate  sulfanilamide,'^^  PABA,'®^  histamine,'««  glucosamine,'®' 
to  synthesize  acetoacetic  acid'®'  and  citrate.'®'’  '®^  Acetyl  phosphate,  which 
has  been  demonstrated  to  be  a  product  of  pyruvate  metabolism  in  several 
bacteria'*  ■ '®®’ '®®  and  could  theoretically  be  considered  to  be  an  inter¬ 
mediate  in  these  reactions,  w^as  found  to  be  unable  to  replace  acetate  and 
ATP  in  animal  tissues.  Eventually  it  w^as  showm  that  there  is  present  m 
certain  bacteria  an  enzyme,  phosphotransacetylase,  which  could  convert 
acetyl  phosphate  to  a  reactive  product  which  w'as  thought  to  be  acetyl- 
CoA."®’  1®'*  The  isolation  of  acetyl-CoA  from  yeast  extract  by  Lynen  and 
Reichert'®^  confirmed  the  idea  that  acetyl-CA  is  the  reactive  2-carbon  unit 
in  these  reactions.  Stadtman  has  demonstrated  that  acetyl-CoA  is  indeed 
the  product  of  the  action  of  phosphotransacetylase.'®®  Lipmann  has  recently 
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discussed  the  metabolic  function  of  CoA  in  some  cletaib^®  and  has  sum¬ 
marized  the  formation  of  acetyl-CoA  as  well  as  its  utilization  in  vaiious 
metabolic  systems.  The  following  figure  taken  from  his  papei  illustrates 
the  mechanism  of  action  of  CoA  as  an  acyl  carrier. 


Fig.  11 


6.  Formation  of  Acetyl-CoA 

Aftei  Lynen  and  Reichert'®^  had  isolated  acetyl-CoA,  they  showed  that 
the  acetyl  group  is  carried  on  CoA  as  a  thioester  of  the  following  form. 

O 

R— NH  •  CH2  •  CHa-  S— C— CIR 

Stadtman/9»  from  equilibrium  measurements  of  the  phosphotransacetyl- 
ase  reaction,  i.e., 


Acetyl  phosphate  +  CoA  Acetyl— CoA  +  phosphate  (42) 

has  a  l.ond  energy  of  approximately 
O.UOO  cal.  and  is  therefore  an  energy-rich  compound.  This  explains  the 

reactor'  participation  in  a  variety  of  condensation 

Metabolically,  acetyl-CoA  may  be  formed  in  several  ways.  It  can  be 
envedin  the  dissimilation  of  pyruvate'"- ■  "■»  by  the  oxidation  of  acetalde- 
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hyde,2“  by  the  oxidation  of  fatty  acids, and  in  the  activation  of  acetate 
by  ATP,^®^  as  well  as  from  acetyl  phosphate  by  phosphotransacetylase.^®* 
a.  Formation  from  Pyruvate.  (1)  Chantrenne  and  LipmaniP®®  showed  that 
the  reversible  exchange  of  formate  with  the  carboxyl  of  pyruvate  by  extracts 
of  Escherichia  coli  was  CoA-dependent.  They  formulated  the  reaction  as 
follows: 

O  O 

II  II  (^3) 

CH3C— COOH  +  CoA  CH3C— CoA  +  HCOOH 

In  the  virtual  absence  of  phosphate  the  acetyl  group  of  acetyl-CoA 
could  be  transferred  to  sulfanilamide. 

(2)  Korkes  and  co-workers^^^“  •  have  demonstrated  the  requirement 
for  CoA  of  the  dismutation  of  pyruvate  by  extracts  of  E.  coli  and  Strepto¬ 
coccus  faecalis.  In  addition  to  several  enzymes  and  CoA,  the  system  requires 
DPN,  cocarboxylase  Mg^  or  Mn++,  and  phosphate.  Two  molecules  of 
pyruvate  are  converted  by  this  system  to  1  molecule  of  acetyl  phosphate, 
1  molecule  of  lactate  and  1  molecule  of  CO2. 

The  reaction  is  formulated  as  follows: 

Pyruvate  +  phosphate  +  DPN  Acetyl  phosphate  +  CO2  +  DPNH2  (44) 
Pyruvate  +  DPNH2  Lactate  +  DPN  (45) 


Sum  2  Pyruvate  Lactate  +  acetyl  phosphate  +  CO2  (46) 


Acetyl  phosphate  is  formed  here  due  to  the  presence  of  phosphotransacetyl- 
ase  in  these  extracts.  In  the  absence  of  inorganic  phosphate  the  reaction  is 
greatly  diminished  and  no  acetyl  phosphate  is  formed.  However,  if  in  the 
absence  of  phosphate  the  system  is  coupled  with  crystalline-condensing 
enzyme  and  oxaloacetate,  a  rapid  synthesis  of  citrate  is  observed.  This 
indicates  that  acetyl-CoA  is  formed  as  an  intermediate;  m  the  absence  0 
acetyl  acceptors,  such  as  phosphate  or  oxaloacetate,  the  reaction  is  limited 
by  the  CoA,  since  free  CoA  cannot  be  regenerated.  In  the  presence  of  ap¬ 
propriate  acetyl  acceptors,  free  CoA  is  regenerated  and  allowed  to  act 

catalytically. 

The  reaction  can  be  schematized  as  follows: 


Pyruvate  -h  DPN  -1-  CoA  ^  Acetyl-CoA  -|-  CO2  -t-  DPNH2 
Pyruvate  -|-  DPNH2  Lactate  DPN 
Acetyl— CoA  +  X  CoA  acetyl— X 

Sum  2  Pyruvate  -f-  X  Lactate  -f-  acetyl-X  -|-  CO2 


(47) 

(48) 

(49) 

(50) 
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(3)  Schweet  et  have  reported  the  partial  purification  of  a  soluble 

P3'^ruvic  oxidase  from  pigeon  breast  muscle  that  converts  pyiuvate  to 
to  acetate  and  CO2.  The  preparation  contains  flavin  and  protogen  (pyru¬ 
vate  oxidation  factor).  Cocarboxylase  and  Mg++  are  required  for  full  ac¬ 
tivity.  It  is  reported  that  CoA,  DPN,  or  TPN  are  not  required. 

This  preparation  differs  from  the  previously  considered  pju'uvate  system 
of  bacteria  in  that  free  acetate  is  a  product  of  the  reaction  and  acetyl-CoA 
is  not  an  intermediate.  However,  an  activated  acetyl  derivative  is  certainly 
involved,  since  it  is  reported  that,  upon  the  addition  of  CoA  and  a  fraction 
from  pigeon  liver  extracts,  the  acetylation  of  sulfanilamide  could  be  effected. 
Also  the  addition  of  CoA  and  bacterial  phosphotransacetylase  led  to  the 
formation  of  acetyl  phosphate.  These  observations  are  summarized  in  the 
diagram. 

Pyruvate  .  pyruvjc^oxidase_^  Acetyl— X  +  CO2  4-  H2O  (51) 

HOH  — >  Acetate 

Acetyl — X  -|-  (52) 

CoA  — >  Acetyl — CoA 


In  the  primary  oxidation  of  pyruvate,  it  is  visualized  that  pyruvate 
reacts  with  cocarboxylase,  giving  a  2-carbon  complex  at  the  level  of  oxida¬ 
tion  of  acetaldehyde  with  the  liberation  of  CO2.  This  is  considered  in  greater 
detail  in  the  section  on  cocarboxylase.  The  oxidase  oxidizes  this  complex  to 
an  acetyl  derivative  which  is  not  acetyl-CoA.  The  hypothetic-  acetyl  de¬ 
rivative  may  subsequently  undergo  hydrolytic  cleavage  to  free  acetate  or 
may  be  transferred  to  CoA,  giving  rise  to  acetyl-CoA.  Korkes  et 
have  described  a  pyruvate  dismutation  reaction  present  in  heart  muscle 
which  requires  at  least  two  enzymes,  CoA  and  DPN.  The  initial  reaction 
IS  presumed  to  yield,  per  mole  of  pyruvate,  1  mole  each  of  acetyl-CoA, 
CO2,  and  reduced  pyridine  nucleotide.  In  this  case  the  primary  product 
appears  to  be  acetyl-CoA. 

b.  Oxidation  of  Acetaldehyde.  Acetyl-CoA  may  be  formed  by  the  oxida¬ 
tion  of  acetaldehyde  by  extracts  from  Cl.  kluyveri^^  or  from  E. 

The  enzyme  requires  DPN  for  activity.  In  the  presence  of  acetyl  acceptors 
with  their  appropriate  enzymes  the  acetyl  group  may  be  transferred  as 

usual.  In  the  presence  of  phosphate  and  phosphotransacetylase,  acetyl 
phosphate  is  formed. 

roleofrZw  h'""  Barker'-  l,as  discussed  the 

rde  of  CoA  in  fatty  acid  oxidation.  In  extracts  of  Cl.  khu/veri,  acetyl  phos¬ 
phate  IS  formed  from  the  oxidation  of  butyrate.  Kennedy  and  Barker  have 
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demonstrated  the  CoA-dependence  of  fatty  acid  oxidation  in  these  ex¬ 
tracts.  It  would  appear  that  acetyl-CoA  is  necessary  to  activate  fatty  acid 
oxidation. 

Recently  Drysdale“°‘‘  has  described  a  soluble  enzyme  system  from  rat 
liver  mitochondria  which  oxidizes  fatty  acids  to  acetoacetate.  CoA  is 
required  for  this  system.  Likewise  Green  et  have  observed  a  CoA- 
dependent  fatty  acid  oxidation  in  a  soluble  preparation  from  heart  muscle. 
It  seems  likely,  therefore,  that  the  fatty  acids  undergo  |8  oxidation  while 
attached  to  CoA  as  an  acyl-CoA  and  that  in  the  complete  oxidation  of 
fatty  acid  acetyl-CoA  derived  from  the  /3  oxidation  is  fed  into  the  tricar¬ 
boxylic  acid  cycle  by  means  of  the  condensing  enzyme  of  Stern  and  Ochoa. 

d.  Formation  from  Acetyl  Phosphate.  The  formation  of  acetyl-CoA  from 
acetyl  phosphate  by  phosphotransacetylase  has  already  been  discussed. 

e.  Formation  from  Acetate  and  ATP.*  Nachmansohn  and  Machado-®® 
first  observed  the  activation  of  acetate  by  ATP  in  brain  homogenates.  In 
the  discovery  of  CoA,  Lipmann^®®  showed  that  CoA  was  a  necessary  com¬ 
ponent  for  this  activation.  A  reaction  between  acetate  and  ATP  in  E.  coli 
extracts  leading  to  the  formation  of  acetyl  phosphate  has  been  shown  not 
to  require  CoA.^®®  The  acetate-ATP  reaction  in  liver  extracts  as  well  as  in 
yeast  extract  did  not  give  rise  to  acetyl  phosphate,!®'*’ nor  could  these 
tissues  utilize  acetyl  phosphate.  However,  the  acetate-ATP  reaction  m 
these  tissues,  in  the  presence  of  hydroxylamine,  leads  to  the  formation  of 
acethydroxamic  acid.  Since  it  is  known  that  acetyl-CoA  will  react  chemi¬ 
cally  with  hydroxylamine  to  give  acethydroxamic  acid,  this  observation 

is  now  explained.  j  Arp-p 

Lynen*®^  postulated  the  formation  of  acetyl-CoA  from  acetate  and  Air 

as  folloAVs: 


ATP  +  CoA  CoA— P  +  ADP 

CoA— P  +  acetate  ^  Acetyl— CoA  -f  P 


(53) 


(54) 


2384  (1952). 

*  See  Addendum  at  end  of  chapter. 
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formation  of  CoA  pyrophosphate.  The  reaction  is  formulated  as  follows: 

ATP  +  CoA  ^  CoA— P— P  +  AMP  (55) 

CoA — P — P  +  acetate  ^  Acetyl — CoA  +  P  P  (56) 

The  participation  of  pyrophosphate  in  this  reaction  suggests  that  inorganic 
pyrophosphate  may  play  a  more  important  role  in  metabolic  transforma¬ 
tions  than  has  hitherto  been  considered. 

7.  The  Formation  of  Acyl-CoA’s  Other  Than  Acetyl-CoA 

Recently  evidence  has  been  accumulated  for  the  participation  of  CoA 
in  reactions  in  which  acetate  does  not  seem  to  be  involved.  Kaufman^®* 
has  reported  on  the  isolation  from  pig  heart  of  a  soluble  system,  which  in 
the  presence  of  ammonium  ions  causes  the  dismutation  of  a-ketoglutarate 
to  succinate,  glutamate,  and  CO2.  The  system  is  dependent  upon  CoA, 
DPN,  and  orthophosphate.  The  sequence  of  reaction  is  postulated  as 
follows: 


a-Ketoglutarate  -f  DPN  -f  CoA  — >  Succinyl — CoA  4-  DPNH2  -|-  CO2  (57) 
DPNH2  +  a-ketoglutarate  -f  NH3  <=±  Glutamate  -f  DPN  (58) 

Succinyl— CoA  -|-  P  +  ADP  Succinate  +  ATP  -|-  CoA  (59) 

Thus  succinyl  CoA  is  a  postulated  intermediate  in  this  reaction. 

Sanadi  and  Littlefield^io  have  reported  on  a  soluble  a-ketoglutarate 
oxidase  system  which  is  likewise  CoA-dependent.  This  system  has  pre¬ 
viously  been  referred  to,  since  it  was  used  as  an  assay  for  CoA.  In  the  pres¬ 
ence  of  the  oxidase,  a  supernatant  factor,  DPN,  and  CoA,  a-ketoglutarate 
is  oxidized  to  succinate  and  CO2.  The  reaction  is  visualized  as  follows: 


a-Ketoglutarate  -f-  CoA  -f  DPN  — >  Succinyl-CoA  -f  DPNH2  CO2  (60) 

Succinyl-CoA  -f  Sn  factor  Succinate  -f  CoA  (01) 

The  formation  of  succinyl-CoA  in  this  reaction  has  been  established  by 

coupling  this  system  with  a  pigeon  liver  extract  which  succinylated  sul¬ 
fanilamide. 

Noyelli»“  has  observed  the  formation  of  succinyl-CoA  in  extracts  of  E 
coil  by  reaction  of  succinate,  ATP  and  CoA. 

These  systems,  then,  indicate  that,  in  addition  to  acetyl-CoA,  it  is  pos¬ 
sible  that  succmyl-CoA  also  exists  as  a  reactive  acyl  intermediate  This 
ra.ses  the  possibility  that  CoA  may  be  a  more  generafacyl  o^Lr  thanlt 

-  G.-  k. 
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previously  suspected.  One  is  reminded  of  the  observation  of  Chantrenne 
that  CoA  is  involved  in  the  synthesis  of  hippuric  acid.  Here  glycine  is  con¬ 
densed  with  benzoic  acid  in  the  presence  of  ATP  and  CoA.  It  is  possible 
that  benzoyl-CoA  may  exist  as  an  intermediate  in  this  reaction.  Recently 
Stadtman^^^  obtained  evidence  for  the  formation  of  propionyl-  and  butyiyl- 
CoA  in  Cl.  kluyveri  extracts. 

Stadtman  and  Barker^^^  had  observed  an  apparent  transphosphorylation 
between  acetyl  phosphate  and  propionate.  The  reaction  is  described  by 
the  following  equation : 

Acetyl  phosphate  +  propionate  ^  Acetate  +  propionyl  phosphate  (62) 
A  closer  examination  of  this  reaction  revealed  the  following  sequence: 


Acetyl  phosphate  -j-  CoA  ^  Acetyl — CoA  P  (63) 

Acetyl — CoA  +  propionate  ^  Propionyl — CoA  -f  acetate  (64) 

Propionyl — CoA  -h  P  ^  Propionyl  phosphate  +  CoA  (65) 


Reaction  63  is  the  well-known  phosphotransacetylase  reaction,  and  re¬ 
action  65  could  be  called  a  phosphotranspropionylase.  Reaction  64  which 
interconverts  acyl-CoA  has  been  shown  to  occur  with  butyrate  to  ghe 
butyryl-CoA.  This  may  be  a  general  reaction  for  the  formation  of  a  large 

variety  of  acyl-CoA’s. 

Kornberg^®®  has  recently  demonstrated  the  CoA-dependence  of  phos¬ 
pholipid  synthesis  in  rat  liver.  Stearyl-CoA  appears  to  be  an  intermediate 
in  this  reaction  and  is  presumably  formed  by  reaction  of  stearic  acid,  A1 P, 
and  CoA  in  a  similar  manner  to  Lipmann’s  formation  of  acetyl-CoA  from 

acetate  +  ATP.  .  r  oi 

In  summary  of  the  metabolism  of  CoA  we  can  visualize  four  general 

mechanisms  for  the  formation  of  acyl-CoA: 

r_COOH  -t-  ATP  -1-  CoA  R— CO— CoA  +  AMP  +  PP  (66) 

R_CO— COOH  +  CoA  -h  X  R— CO— CoA  +  XH2  +  CO2  (67) 

r_CO-CoA  -f  R'— COOH  ^  R'— CO-CoA  +  RCOOH  (68) 


H 


rq  ==  O  +  CoA  +  R— CO— CoA  +  XH2 


(69) 


Ill  reaction  66  we  postulate  the  activation  of  any  carboxylic  ’ 

eoing  through  the  intermediate  formation  of  CoA  pyiophosphate  g 
r  eorresponding  aeyl-CoA.  In  reaction  67  is  postulated  the  oxidative  de- 
oarboxyLtion  of  ai,y  Iketo  acid  to  yield  COi  and  the  next  lo-r  acyhCoA 
This  general  type  reaction  would  also  apply  to  the  foima  ion 

212  E.  R.  Stadtman,  Federation  Proc.  11,  291  (1952). 

2u  E.  R.  Stadtman  and  H.  A.  Barker,  J.  Biol.  Chem.  184,  769  (195U). 
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acyl-CoA’s  through  the  jS  oxidation  of  fatty  acids.  Reaction  68  would  be  a 
general  transfer  reaction  for  the  secondary  formation  of  a  variety  of  acyl- 
CoA  species  This  is  the  transacylation  reaction  which  Stadtman  has  ob¬ 
served  with  propionate  and  butyrate.  Reaction  69  represents  the  formation 
of  an  acyl-CoA  through  the  oxidation  of  an  aldehyde. 

8.  Other  Functions  of  CoA 

By  studying  the  synthesis  of  fat  and  sterols  in  pantothenate-deficient 
yeast  as  well  as  deficient  rats,  Klein'®^  has  observed  that  the  formation  of 
total  lipid  and  sterol  is  markedly  depressed  by  withholding  the  vitamin. 
A  direct  correlation  between  synthetic  ability  of  the  tissues  and  CoA  con¬ 
tent  was  made.  These  studies  forecast  a  role  of  CoA  in  one  or  more  of  the 
enzymatic  steps  leading  to  the  synthesis  of  these  compounds. 

Shemin^^^  has  also  implicated  CoA,  presumably  via  succinyl-CoA  in  the 
synthesis  of  the  pyrrole  ring  of  the  porphyrins. 

VTII.  Pyridoxal  Phosphate 
1.  Introduction 

This  coenzyme  occupies  a  unique  position,  in  that  it  is  involved  in  at 
least  four  types  of  reactions  which  all  appear  to  be  quite  different.  These 
are:  the  decarboxylation  of  amino  acids,  transamination,  and  the  synthesis 
and  cleavage  of  tryptophan.  However,  all  these  reactions,  as  we  shall  see, 
have  one  thing  in  common:  they  involve  an  a-amino  acid  and  are  concerned 

with  either  the  amino  group  or  the  carbon  atom  adjacent  to  the  amino 
group. 


2.  Historical 

PjTidoxme  (vitamin  Bg)  was  first  recognized  as  an  essential  factor  in 
animal  nutrition.^i^  Later  it  was  found  to  have  growth-promoting  ability 
a®’’  bacteria,*'*  yeast, *>’  molds,  fungi,  and  plants.*'* 

Snell,  m  a  senes  of  studies  with  bacteria,  noted  variations  in  response  to 
certain  natural  extracts  as  source  of  B.  among  several  bacteria.  Out  of 
this  work  came  the  appreciation  that  vitamin  B.  existed  in  several  different 
orms  to  which  various  test  organisms  responded  differently.  The  vitamin 
B.  complex  is  now  known  to  consist  of  the  following  compounds :  pyridoxine 

s^Artances.”''”  "f  the  two  latter 

m  A  ■  r  264,  285  (1938). 

A.  S.  Schultz,  L.  Atkin,  and  C  N  Frev  T  Am  oi,  o 

w.  J.  Robbins  and  M.  B  Schmidt'  pZ’  N  u  s  fl'  “■  <“’39). 

-  B.  B.  Snell.  B.  M.  Cnira.^rdt:  f  WhS 
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The  first  observations  which  led  to  the  discovery  of  the  coenzyme  func¬ 
tion  of  pyridoxal  came  when  Gale^^'’  noted  that  the  decarboxylation  of 
tyrosine  and  certain  other  amino  acids  by  bacterial  cells  was  catalyzed  by 
an  enzyme  containing  a  dissociable  cofactor.  Gale  and  Epps^^^  could  ^ot 
replace  the  cofactor  with  any  known  coenzyme  and  were  able  to  prepare  a 
concentrate  of  their  cofactor  which  had  15,000  times  the  activity  of  yeast 
extract.  In  the  meantime,  Bellamy  and  Gunsalus^^^  noted  that  the  decar¬ 
boxylation  of  tyrosine  by  resting  cells  was  greatly  influenced  by  the  growth 
medium.  Analysis  of  this  effect  led  them  to  the  finding  that  pyridoxine- 
deficient  cells  had  a  greatly  decreased  ability  to  decarboxylate  tyrosine,  and 
this  ability  was  restored  to  normal  by  adding  pyridoxal  to  the  resting  cells 
while  pyridoxine  or  pyridoxamine  were  inactive. It  was  subsequently 
shown  that  pyridoxal  must  be  phosphorylated  by  cells  before  it  is  active. 

A  synthetic  pyridoxal  phosphate  was  prepared  and  shown  to  be  active 
with  purified  amino  acid  decarboxylase.  Thus  pyridoxal  phosphate  became 
known  as  codecarboxylase. 

The  discovery  of  the  cotransaminase  function  of  vitamin  Be  goes  back 
to  Snell’s  nutritional  observations. It  was  early  noted  that  the  vitamin 
activity  of  pyridoxine  many  times  depended  upon  its  being  autoclaved  with 
amino  acids.  An  investigation  into  the  chemical  change  accompanying 
autoclaving  led  to  the  discovery  of  pyridoxal  and  pyridoxamine  and  a 
chemical  method  for  their  interconversion.  The  reaction  as  formulated  by 
SnelP25  is  a  chemical  transamination  of  the  amino  group  of  an  amino  acid, 
say  glutamic  acid,  to  pyridoxal,  forming  thereby  pyridoxamine  and  the 
keto  acid  corresponding  to  the  amino  acid,  thus,  in  this  case,  a-keto- 

glutarate;  i.e., 

Pyridoxal  -f  glutamate  Pyridoxamine  -1-  ketoglutarate  (70) 


Since  an  enzymatic  transamination  was  already  known, the  similaiity 
between  the  chemical  and  the  enzymatic  reaction  led  to  the  suggestion 
that  vitamin  Be  might  be  a  coenzyme  for  enzymatic  transamination. 
Schlenk  and  Snelff”  tested  the  hypothesis  by  measuring  the  transarnmase 
activity  of  tissues  from  vitamin-Be-deficient  rats.  They  found  that  deffcient 
tissues  had  a  much  lower  transaminase  ability  than  normal  tissues,  u  s 


^20  E  F.  Gale,  Biochem.  J.  34,  392  (1940).  nnAA\ 

221  E.  F.  Gale  and  II.  M.  R.  Epps,  Biochem.  J.  38,  250  1944  . 

222  W  D.  Bellamy  and  I.  C.  Gunsalus,  J .  Bad.  46,  573  (1943)^. 

223  I  C  Gunsalus  and  W.  D.  Bellamy,  J.  Biol.  Chem.  166,  3^5  (1944). 

...  W  W  Umbreit.  W.  D.  Bellamy,  and  I.  C.  Gunsalus,  Arch.  Brochcrn.  7,  185 

(1945). 

225  E.  E.  Snell,  J.  Am.  Chem.  Soc.  67,  194  (1945).  ■  n  aoo  fiosyi 

226  A  E.  Braunstein  and  G.  M.  Kritzmann,  2,  129  (1937). 

227  F.  Schlenk  and  E.  E.  Snell,  J.  Biol.  Chem.  167,  425  (1945). 
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fluently,  a  completely  resolved  transaminase  apoenzyme  was  restored  to 
full  activity  by  the  addition  of  pyridoxal  phosphate. 

Pyridoxal  phosphate  has  been  established  as  a  coenzyme  in  two  reactions 
involving  tryptophan.  An  enzyme  has  been  isolated  from  Neurospora  which 
catalyzes  a  synthesis  of  tryptophane  from  serine  and  indole. This  reaction 
requires  pyridoxal  phosphate.  An  enzyme  has  been  isolated  from  E.  coli 
which  causes  the  decomposition  of  tryptophan  to  pyruvic  acid,  indole,  and 
ammonia  here  too  pyridoxal  phosphate  is  a  necessary  cofactor. 


3.  Distribution  and  Method  of  Assay 

Vitamin  Be  occurs  in  a  wide  variety  of  biological  tissues.  The  vitamin 
occurs  predominantly  in  the  bound  form  as  the  phosphate  of  pyridoxal  or 
pyridoxamine.  In  almost  all  tissues  the  pyridoxal  phosphate  is  the  major 
form  with  the  exception  of  liver,  where  pyridoxamine  phosphate  appears 
to  be  in  great  excess  over  the  aldehyde  form.^*^ 

The  best  method  for  the  assay  of  pyridoxal  phosphate  is  the  use  of 
tyrosine  decarboxylase  as  described  by  Gunsalus,  Bellamy,  and  Umbreit.^^ 
The  enzyme  is  prepared  from  a  dried  powder  of  cells  of  S.  faecalis  R. 
which  has  been  grown  deficient  in  vitamin  Be  by  growth  In  a  vitamin-Be- 
free  alanine-rich  medium.  Thus,  the  decarboxylase  is  obtained  almost 
completely  resolved.  This  is  a  convenient  preparation,  since  such  a  powder 
is  stable  for  long  periods  and  since  the  resolution  of  transaminases,  decar- 
bo.xylases,  and  tryptophanases  isolated  from  tissues  is  a  rather  difficult 
task.  The  assay  is  performed  manometrically  by  measuring  the  rate  of 
CO2  liberation  from  tyrosine  by  the  dried  powder  in  the  presence  of  pyri¬ 
doxal  phosphate.  The  rate  of  CO2  evolution  is  a  function  of  the  concentra¬ 
tion  of  pyridoxal  phosphate. 


4.  Structure  of  the  Coenzyme 

Pyridoxal  phosphate  was  first  synthesized  by  Gunsalus,  Bellamy,  and 
Umbreit  m  1944,i»  by  treating  pyridoxal  with  phosphoiyl  chloride.  Al- 
t  ough  pyridoxal  phosphate  has  perhaps  one  of  the  simplest  structures  of 
the  coenzymes,  it  was  not  until  very  recently  that  its  structure  was  defi¬ 
nitely  estabhshed.232  The  report  of  the  first  synthesis  of  pyridoxal  phosphate 
c  Id  not  indicate  its  structure.  Some  of  their  spectral  data  led  to  the  sugges¬ 
tion  that  the  phosphate  is  not  esterified  in  position  3. 

2  W  W  Nocito,  Biol.  Chevi.  161,  559  (1945) 

»  D  Hsvf  fT  '  TV-  189-  643  (1947),  '' 

a  H  yl,  E.  Lu.,  A.  Hams,  and  K.  Folkers,  7.  A™.  Ckem.  See.  73.  3430,  3436 
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Karrer  and  Viscontini^^*  synthesized  the  acetal  of  pyridoxal-3-phosphate 
and  claimed  that  it  had  codecarboxylase  activity  but  could  not  reactivate  a 
transaminase  system.  In  the  meantime,  Gunsalus^*^  presented  evidence 
that  the  active  synthetic  product  was  not  the  3-phosphate  (and  by  elimina¬ 
tion  must  be  the  5-phosphate) .  This  discrepancy  was  resolved  when  the  two 
products  were  compared  simultaneously  on  the  same  test  system.^*®  The 
activity  of  the  3-phosphate  was  so  low  compared  to  the  active  pyridoxal 
phosphate  that  the  3-phosphate  was  definitely  ruled  out  as  the  active  co¬ 
enzyme.  In  a  recent  series  of  papers, the  structure  of  pyridoxal  phosphate 
is  definitely  established  as  pyridoxal-5-phosphate  and  that  of  pyridoxamine- 
phosphate  as  the  5  phosphate. 


HO 

HjC 


CHO 


OH 


[j^NcHj-0-P=0 


H  I 
N 


OH 


Pyridoxal  phosphate 


CH,-NH, 

H0[r^CH,-0-P=0 

OH 

Pyridoxamine  phosphate 


Fig.  12 


5.  Mechanism  of  Action 

The  chemical  transamination  of  pyridoxal  to  pyridoxamine,  discovered 
by  Snell,^^^  not  only  led  to  the  discovery  of  the  role  of  vitamin  Be  in  en¬ 
zymatic ’transamination  but  was  suggested  as  a  possible  mechanism  of 
action.  (See  Schlenk  and  Snell. 


CH2OP 


CH2OP 


R— C— NH2  +  OC 
1 

COOH 


HO  CHa 


N  +  H2O  (71) 


OH  CHa 


CH2OP 


CH2OP 


"n  -f  H2O 


OH  CHa 


R — c=0  -f  NH2 — CHa^ 
COOH 


\  (72) 


OH  CHa 


It  was  visualized  that  pyridoxal  reacted  with  the  ammo  8  P  ^  ^ 
amino  acid  to  form  an  intermediate  Schiff  base  vvhich  was  then  hydiolyzcd 
to  the  keto  acid  and  pyridoxamine,  equation  /I. 

233  p  Karrer  and  M.  Viscontini,  Helv.  Chim.  Acta  30,  52  (1947).  r’Vipmical 

...  I C  OrsaTus  and  W.  W.  Umbreti.  di-alracla  llOth  Meeting,  American  Chemical 

...  Umb^irafd'l.  C.  Gunsalus.  Biol.  179.  279  (1949). 
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Starting  with  pyridoxamine  and  the  keto  acid  the  reverse  reaction  would 
occur,  as  given  in  equation  72. 

Very  recently  Snell  and  Metzler^^e  reinvestigated  the  chemical  translor- 
mation  and  found  that,  starting  with  pyridoxamine  and  a-ketoglutarate 
and  running  the  reaction  at  100°,  an  equilibrium  is  reached  in  which  46%  of 
the  pyridoxamine  is  converted  to  pyridoxal.  The  same  equilibrium  point 
was  reached  in  the  reverse  direction.  They  found  that  this  reaction  is  metal 
catalyzed;  iron,  aluminum,  and  copper  ions  increased  the  rate  about  twenty¬ 
fold,  with  copper  being  the  most  effective  ion. 

This  model  chemical  reaction  as  an  explanation  for  enzymatic  trans¬ 
amination  was  further  strengthened  when  Snell  found  that  the  phosphates 
of  pyridoxal  and  pyridoxamine  would  undergo  the  same  chemical  trans¬ 
formations.  In  this  case  the  equilibrium  in  much  further  toward  pyridox¬ 
amine  phosphate. 

If  this  were  indeed  the  mechanism  of  action  of  pyridoxal  phosphate, 
then  one  would  think  that  either  pyridoxal  or  pyridoxamine  phosphate 
would  be  active  in  catalyzing  the  enzymatic  transamination.  In  one  case 
recently  with  a  highly  purified  glutamic  aspartic  transaminase  only  pyri¬ 
doxal  phosphate  was  capable  of  reconstituting  the  system. 

Thus  the  mechanism  of  action  of  pyridoxal  phosphate  in  transamination 
must  be  left  open.  There  is  as  yet  no  clue  to  its  mechanism  of  action  in  de¬ 
carboxylation  and  in  the  tryptophanase  reaction. 

6.  Reactions  Catalyzed  by  Pyridoxal  Phosphate 

a.  Amino  Acid  Decarboxylation. 

NH2 


R— C— COOH  ^  CO2  +  R— CH2— NH2 
H 


(73) 


Amino  acid  decarboxylases  shown  to  require  pyridoxal  phosphate  are 
the  following:  (1)  tyrosine,  (2)  arginine,  (3)  lysine,  (4)  ornithine,  (5)  glu¬ 
tamic  acid  and  (6)  dopa  (3,4-dihydroxyphenylalanine). 

These  amino  acids  are  decarboxylated  to  the  corresponding  amines  with 
the  liberation  of  CO2. 


b.  Transamination.  Braunstein  and  Kritzman^'  discovered  this  reaction 
They  reported  that  a  large  variety  of  keto  acid  analogues  of  monocarhoxylic 

““Pto'-  from  glutamic  or  aspartic  acid, 
Cohen  challenged  this  view  and  showed  that  the  glutamic-aspartic 

;  S"®'!  “d  A-  Metzler,  in  McElroy  and  Glass,  Phosphorus  Metabolism 
The  Johns  Hopkins  Press,  Baltimore,  1951,  Vol.  I,  p.  442.  “etabohsm 

Presl  MadTs'om  mTr^l'S.”'' 
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transaminase  was  by  far  the  most  active.  Recently  Feldman  and  Gunsalus^®^ 
have  demonstrated  a  wide  variety  of  transaminases  in  bacteria.  Cammarata 
and  Cohen^®*  have  made  similar  observations.  Feldman  and  Gunsalus^” 
report  that  in  bacteria  these  transaminases  produce  glutamic  acid  from 
a-ketoglutaric  acid  and  the  following  amino  donors:  aspartate,  alanine, 
valine,  leucine,  norleucine,  tryptophan,  tyrosine,  phenylalanine,  and  methi¬ 
onine.  Isoleucine,  histidine,  lycine,  glycine,  and  threonine  were  much  less 
effective  amino  donors. 

The  type  reaction  for  transamination  is  given  below: 

1^_CH— COOH  +  R'— C— COOH  RC— COOH  +  R'— CH— COOH 

1  11  11  1 

NH2  o  o  NH2 

In  this  reaction  the  coenzyme,  pyridoxal  phosphate,  is  considered  to 
undergo  the  transformation  given  in  equations  71  and  /2. 

c.  Reactions  Involving  Tryptophan.  Pyridoxal  phosphate  acts  as  a  co¬ 
enzyme  for  two  reactions  involving  tryptophan.  One  of  these  leactions  is 
the  synthesis  of  tryptophan  from  indole  and  serine,  and  the  other  is  a  non- 
oxidative  degradation  of  tryptophan  to  indole,  pyruvic  acid,  and  ammonia^ 
(1)  Synthesis  of  Tryptophan  from  Indole  and  Serine.  Tatum  and  Bonnei 
reported  that  a  mutant  of  Neiirospora  crassa  could  utilize  indole  in  place  of 
tryptophan.  Umbreit,  Wood,  and  Gunsalus,^^^  by  using  extracts  from  this 
mutant,  showed  that,  with  pyridoxal  phosphate  as  a  coenzyme,  tryptophan 
was  synthesized  from  serine  and  indole  via  the  following  reaction: 


-h  HO— CH2— CH— COOH 
NH2 


V\/ 

NH 
Indole 


Serine 


/\ 


NH2 

-CH — CH— COOH  d-  H2O 


NH 

Tryptophan 

.  •  •  4.Up  breakdown  of  tryptophan  to  indole  and 

The  reverse  reaction,  i.e.,  the  breakaoivu  yn 

serine,  was  not  demonstrated  with  this  j  Umbreit* 

(2)  Th.  Degradalim  of  TryplopMu.  ^ood.  (5unsate  and  L 

studied  the  tryptophanase  reaction  in  extracts  of  E.  coU.  This  ens> 

ij  I  T  r  rnnsilus  J  Biol.  C hem.  1ST ,  S2l  (1950). 

..1  L.  I.  Feldman  and  I.  a  ^  u,,  439  (195O). 

238  p  s  Cammarata  and  P.  i.  tyone  >  •  >  c  •  rr  ^0  *10  0944). 

1..  E.  L.  Tatum  and  D.  Bonner,  Proc.  NM.  Acad.  Sc.  U.  S.  30.  30  (1944, 
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shown  to  require  pyridoxal  phosphate  as  cofactor  and  catalyzed  the  break¬ 
down  of  tryptophan  to  indole,  pyruvic  acid,  and  ammonia. 


NH2 


-CIb— CII— COOH 


N 

H 


-1-  CHa— C— coon  d-  NHs 


(76) 


Tryptophan 


N 

II 

Indole 


Pyruvic  acid 


Am¬ 

monia 


The  mechanism  of  this  reaction  is  not  known,  since  both  alanine  and  serine, 
two  possible  intermediates,  were  shown  not  to  be  attacked  by  the  enzyme. 


IX.  Miscellaneous 


1.  Uridine  Diphosphate  Glucose 


a.  Introduction.  The  nature  of  the  interconversion  of  glucose  and  galac¬ 
tose  has  long  been  sought.  The  whole  lactose  molecule  in  milk  can  be  derived 
exclusively  from  glucose.  It  is  fair  to  assume  that  the  galactose  of  the  muco- 
proteins  and  the  galactolipids  are  also  derived  from  glucose.  The  conversion 
of  glucose  to  galactose  involves  an  isomerization  at  C4  (Walden  inversion). 
The  enzyme  system  known  as  “galactowaldenase”  or  “galactoisomerase” 
has  been  found  to  equilibrate  galactose- 1 -phosphate  and  glucose- 1 -phos¬ 
phate  in  the  presence  of  its  coenzyme,  uridine  diphosphate  glucose  (UDP- 
Glucose). 

b.  Historical.  Kosterlitz,^^''-  241  in  1937,  demonstrated  the  accumulation 
of  a-D-galactose-l-phosphate  in  the  livers  of  rabbits  fed  galactose.  He  also 
showed  that  this  galactose  phosphate  could  be  fermented  by  cell-free  ex¬ 
tracts  of  galactose-adapted  yeast  and  proposed  the  following  scheme  to 
account  for  the  metabolism  of  galactose  in  these  yeasts: 


ATP  -f-  galactose  — >  Galactose-1 -P  -f  ADP 
Galactose-l-P  ^  Glucose-l-P 
Glucose-1 -P  Glucose-6-P 


(77) 

(78) 

(79) 


Ihe  work  of  Leloir  and  his  group  provided  the  facts  in  support  of  the 
scheme.  Cell-free  extracts  of  a  galactose-fermenting  Saccharomyces  fraaiL 
were  studied.  A  galactokinase'«  was  found  which  carries  out  reactin  77 


II.  w.  Kosterlitz,  Biochetn.  J.  37,  318  (1943). 

*  H.  W.  Kosterlitz,  Biochem.  J .  37,  322  (1943). 

Arch.  Biochem.  18. 
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The  phosphoglucomutase  enzyme  catalyzes  reaction  79.  Reaction  78,  which 
involves  an  inversion  (Walden  inversion)  at  C4  of  the  hexose,  was  shown 
to  require  a  heat-stable  cofactor.^^®  This  coenzyme  for  the  galactowaldenase 
system  was  isolated  and  its  structure  deter  mined.  The  coenzyme  is 

uridinidiphosphoglucose  (UDPGlucose). 

c.  Structure  and  Chemistry.  The  coenzyme  consists  of  uridine-5-phos- 
phate  and  glucose- 1 -phosphate  in  pyrophosphate  linkage. The  catalytic 
activity  of  UDPGlucose  is  destroyed  by  heating  with  weak  acid  or  alkali. 
Treating  the  coenzyme  with  0.01  N  acid  at  100°  for  5  to  10  min.  yields 
free  glucose  and  uridine  diphosphate.  The  intact  coenzyme  is  non-reducing. 
Further  heating  with  1  N  acid  for  15  min.  at  100°  releases  1  mole  of  inor¬ 
ganic  phosphate  to  give  uridine-5-phosphate.  The  presence  of  the  pyrophos- 


— O - 

HO  OH 
I  I 


O 


0 


CH-C-C-C-CH,-0-P-0-P-0H 
I  H  H  H 


I  II 
I 

OH 


OH  0 
HC- 


HC-OH 


HO-CH 

I 


0 


HC-OH 

1 

HC - 


CH2OH 


Uridine  diphosphate  glucose  (UDPG) 

Fig.  13 


phate  bridge  was  first  deduced  from  titration  data  and  confirmed  by  the 
use  of  Kornberg’s  pyrophosphatase  which  results  in  the  formation  0 

glucose-l-phosphate  and  the  uridine-5-phosphate. 

Heating  UDPGlucose  with  0.01  N  alkali  for  a  few  minutes  also  comple  y 
destroys  coenzyme  activity.  This  reaction  was  explained  by  the  use  ot 
paper  chromatography.  When  the  coenzyme  is  «‘'™matographed  bj  < 

Lmonia-solvent  system,  two  products  are  “I,  “ 

phosphate,  and  the  other  is  a  non-reducing  doubly  esterified  P^osp 
acid  derivative,  of  glucose.  It  is  probably  the  1,2-cyc  ic  piospia  , 

...  E.  Caputto,  L.  F.  Leloir.  R.  E.  Trucco,  C.  E.  Cardinl,  and  .4.  C.  Paladmi.  J- 

Biol.  Chem.  179,  497  (1949).  i  t  t?  t  Nature  166,  191 

...  c.  E.  Cardinl,  A.  C.  Paladini,  R.  Caputto,  and  L.  F.  Lolo.r,  hatnre 

...  IJ'caputto,  L.  F.  Leloir.  C.  E.  Cardinl.  and  A.  C.  Paladini,  ..  Biol.  CKe..  m. 

...  A.*C.' Madini  and  L.  F.  Leloir,  Biochem.  J.  61.  426  (1952). 
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upon  acid  hydrolysis  glucose- 1 -phosphate  and  glucose-2-phosphate  are 
formed.  FAD  is  split  by  alkali  in  an  analogous  manner.®^ 

The  ultraviolet  absorption  spectrum  of  the  coenzyme  corresponds  to  that 
of  uridine.  Bromine  destroys  the  uracil  moiety  of  the  coenzyme  and  effects 
the  destruction  of  biological  activity. 

The  coenzyme  is  isolated  from  an  alcoholic  extract  of  toluene-treated 


baker’s  yeast.  The  procedure  involves  a  selective  mercury  precipitation, 
charcoal  chromatography,  and  the  removal  of  ninhydrin-positive  material 
by  a  cation  exchange  resin.  The  barium  salt  of  the  coenzyme  is  water  in¬ 
soluble. 

d.  Mechanism  of  Action.  Crude  extracts  of  the  galactose-fermenting 
yeast  contain  an  enzyme  which  catalyzes  the  interconversion  of  UDPGlu- 
cose  to  UDPGalactose.2'‘7  No  free  galactose  or  galactose  phosphate  appear 
during  the  course  of  the  reaction.  The  enzyme  therefore  carries  out  the 
Walden  inversion  at  C4  on  the  coenzyme  molecule  itself.  The  mechanism 
of  the  inversion  is  still  not  known.  The  over-all  conversion  of  galactose- 1- 
phosphate  to  glucose- 1 -phosphate  probably  occurs  by  a  three-step  reaction: 


Galactose-1 -phosphate  UTP 

UDPGalactose  UDPGlucose 


UUPGalactose  -f  pyrophosphate 


(81) 


UDPGlucose  -f  pyrophosphate  Glucose-1 -phosphate  -f  UTP  (82) 

K  ^^17  uridine  and  has  been  demonstrated  by  Korn- 

erg.  ™cco  ®  has  shown  that  yeast  extracts  can  best  synthesize  UDPGlu¬ 
cose  when  UDP  ATP,  and  glucose- 1 -phosphate  are  all  present, 
e.  Function.  Recent  in  vivo  studies  with  isotopically  labeled  hexoses 

anrthaTorduoo  to  glycogen  in  the  liver, 

d  that  of  glucose  to  the  lactose  in  milk,®"  without  a  breaking  of  the  hexose 

U  tte  tLt  th“‘  ''"‘"buted  inLimal  fesu:: 

ggests  that  the  galactowaldeinBe  system  is  involved  in  these  conversions 

gested  the  nossibilitv  th„t  k  ‘  ^  mammary  gland.®"  This  has  sug- 

function  besides  that  of  mediab  involved  in  another 

Calvin®"-  has  made  the  inte  ?•  8'™°®e-galactose  transformation. 
UDPGalactose  mTy  function  as  ht"^  UDPGlucose  and 

saccharide.  ^  ‘he  synthesis  of  poly- 


'«  U  F  Biophys.  33,  186  (1951) 

Y  .1  Tn'"""’’  “"d  Biophys.  34,  482  (1951) 

I .  J.  lopper  and  D.  Stetten  Tr  t  o-7  ^l  ^ 

""  T.  H.  French,  G.  Popjak  and  F  h'mu  (1951). 

R.  L.  Garner  and  G  F  Grannis  169.  71  (1952). 

R.  Caputto  and  R  P  -Sczence  114,  501  (1951). 

In  Phosphorus  Metabdism' TR^IT 

P.  440.  ’  ®  opkins  Press,  Baltimore,  1952,  Vol.  II 
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Park^^  has  reported  the  isolation  from  penicillin-treated  Staphijlococcus 
aureus  of  some  compounds  containing  what  is  probably  uridine  diphosphate- 
N-acetylglucosaminuronic  acid.  The  latter  may  be  a  coenzyme  of  some 
kind,  although  no  evidence  for  this  is  at  hand. 

f.  Enzymatic  Estimation  and  Distribution^^^  of  the  Coenzyme.  Extiacts 
of  galactose-fermenting  Saccharomijces  fragilis,  as  mentioned  above,  carry 
out  the  following  transformations: 

Galactose-l-phosphate  ^  glucose-1 -phosphate  glucose-6-phosphate 

By  adding  glucosediphosphate,  the  coenzyme  for  the  second  reaction  in 
excess,  the  over-all  reaction  depends  on  the  galactose-glucose  transforma- 
tion  aiid,  therefore,  the  UDPGlucose  concentration.  The  rate  of  the  over-all 

reaction  serves  as  a  measure  of  coenzyme  content. 

The  UDPGlucose  content  in  micromoles  per  gram  of  weight  for  tissues 
of  the  rat  are  as  follows:  0.2  to  0.3  for  kidney,  brain,  and  muscle,  and  0.1 

to  0.2  for  liver. 


2.  Glutathione 

a.  Introduction.  The  widespread  occurrence  of  glutathione  m  all  actively 
growing  plant  and  animal  tissues  indicates  that  it  is  a  substance  of  some 
metabolic  importance.  Because  it  readily  undergoes  oxidation  and  reduction, 
"generahy  been  assumed  to  act  as  a  regulator  of  the  oxido-reduct.on 
Dotentfal  of  the  cell.  Reduced  glutathione  plays  a  specific  role  as  coenzyme 
L  the  glyoxalase  system.  Oxidized  glutathione  specifically  accepts  hydro- 

"T  GMafhione  was  first  isolated  by  Hopki.rs-  in  1921  and 

tripeptide,-  aiul  of 

fapliro^dlinT  reduced  glutathione 

Glutathione  therefore  gcneia^ybeen^^  oxidation-reduction  po- 

donor  and  acceptor,  possi )  y  functioning  in  hydrogen  transport 

tential  of  cellular  reactions,  and  poss  y  occurring  glyoxalase 

A  specific  funicton  for  GSH  -  ooenzyme  fo.  f- ,/^/onzyme 

system  was  demonstrated  y  animal-  tissues  which  mediates 

has  been  described  in  both  plant-  and  ammai 

...  J.  T.  Park,  J.  Biol.  Chem.  194,  877,  8^,  W 
254  F.  G.  Hopkins,  Biochem.  J .  15,  ^86  09  )• 

266  F  G.  Hopkins,  J .  Biol.  Chem.  84,  2  (  . 

...  K.  Lohmann,  Z.  264,  332  (19 ^ 

257  L.  W.  Mapson  and  D.  R.  God  1  , 

268  E.  E.  Conn  and  B.  Vennesland,  J.  •  ^^2^ 

269  T.  W.  Rail  and  A.  L.  Lehmnger,  J.  Biol.  them. 
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specifically  the  reduction  of  GSSG  by  reduced  TPN.  This  enzyme  is  called 
glutathione  reductase. 

c.  Structure  and  Chemistry.  GSH  is  the  tripeptide  7-glutamyl-cysteinyl- 
glycine:  The  sulfhydryl  group  of  the  cysteine  moiety  can  undergo  oxidation 
to  the  disulfide  form  according  to  the  following  equation: 

2GSH  +  A  ^  GSSG  +  AHj  (83) 

This  oxidation  is  readily  effected  by  oxygen  at  neutral  or  alkaline  pH  in  the 
presence  of  traces  of  copper,  iron,  or  cytochrome  c.  GSSG  is  reduced  by 
thiol  compounds  like  cysteine,  thiol  acids,  H2S,  and  BAL. 


HOOC— CH-  CH2-CH2-CO  -NH-CH-CO  -NH-CHj-COOH 
I  I 

NHa  CHj— SH 

Glutathione 
Fig.  14 

GSH  is  generally  detected  by  the  nitroprusside  test  for  free  thiol  groups 
and  is  quantitatively  estimated  by  an  iodine  titration  procedure  which 
converts  it  to  GSSG.  This  latter  reaction  may  be  utilized  in  preparing 
GSSG.  GSH,  like  other  thiols,  has  been  used  in  vitro  to  maintain  those 
proteins  requiring  an  SH—  group  for  activity  in  the  reduced  state,  and 
GSSG  can  maintain  those  requiring  an  — S— S—  group  in  that  state. 
This  is  thought  to  be  one  of  the  biological  functions  of  glutathione. 

GSH  is  precipitated  rather  specifically  in  0.5  N  sulfuric  acid  by  cuprous 
ions,255  and  this  fact  serves  as  the  basis  for  the  isolation  of  glutathione  from 
natural  sources. 

d.  Mechanism  of  Action  of  GSH  in  the  Giyoxa^e  System.  The  giyoxaiase 
system  ^carries  out  the  conversion  of  methyl  "glyoxal  to  D-lactic  acid, 
tacker  and  Crook,  and  Law*«  have  independently  elucidated  the  essen- 

file  lTnl’  ‘•y  R“ker  has  con- 

r Ztion  The?  ^  mechanism  of  the  over-all 

rejtion  The  two  ensymes  which  are  involved  have  been  extensively  puri¬ 
fied  Giyoxaiase  I”  catalyzes  the  formation  of  the  intermediate  Lm 
methyl  glyoxa  and  GSH,  and  “giyoxaiase  II,”  a  hydrolytic  enzyme  de 
composes  the  intermediate  to  give  lactate  and  regenerate  the  GSH  The 
scheme  Racker  proposes  is  the  following- 


CHa 

C=0 

I 

C-H 

^0 
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glyoxal 


CHa 

Q Qjj  giyoxaiase  I  ^  C — OH 
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HC  OH  giyoxaiase  II  HC — OH 
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The  formula  of  the  intermediate  may  be  recognized  as  that  of  a  thioester 
formed  from  lactic  acid  and  GSH.  Its  ultraviolet  absorption  spectrum  is 
characterized  by  a  maximum  at  235  m/i.  This  maximum  absorption  as  well 
as  its  stability  properties  are  characteristics  manifested  by  other  thioesters 
such  as  acetyl-CoA.  The  intermediate  should  also  yield  the  hydroxamic 
acid  derivative  of  lactic  acid  upon  treatment  with  neutral  hydroxylamine. 
The  fact  that  it  is  a  thioester  suggests,  by  analogy  with  acetyl-CoA,  that 
it  is  a  high-energy  compound. 

e.  Function.  The  glyoxalase  system  is  present  in  significant  amounts  in 
most  tissues  and  parallels  the  GSH  content  of  these  tissues.  This  fact 
suggests  an  important  metabolic  role  for  this  system.  The  fact  that  the 
lactyl-glutathione  intermediate  is  a  high-energy  compound  adds  to  the 
possible  significance  of  this  system.  As  Racker  points  out,  other  aldehyde- 
acid  transformations  may  take  place  via  a  similar  mechanism  involving 
high-energy  compounds. 


It  has  been  known  for  some  time  that  there  exists  a  close  correlation  be¬ 
tween  the  ascorbic  acid  and  glutathione  content  of  plant  tissues.  Plant 
tissues  are  also  known  to  contain  dehydroascorbic  reductase,  which  cata¬ 
lyzes  the  transfer  of  hydrogens  from  GSH  to  dehydroascorbic  acid,  as  well 
as  ascorbic  acid  oxidase.  Mapson  and  Goddard^^’  have,  therefore,  provided  a 
possible  scheme  for  hydrogen  transport  which  does  not  involve  the  cyto¬ 
chrome  system.  The  hydrogens  may  take  the  following  pathway; 


Substrate  -I-  TPN  TPNH2  -f  oxidized  substrate 
TPNH2  -f  GSSG  2GSH  -b  TPN 
2GSH  -f  dehydroascorbate  ^  Ascorbate  +  GSSG 
Ascorbate  +  oxygen  Dehydroascorbate 


(84) 

(85) 

(86) 
(87) 


ing  this  condition. 
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f.  Assay  for  Glutathione  and  Tissue  Content.  The  iodometric  technique 
for  the  determination  of  the  GSH  content  in  tissues  is  non-specific,  since 
it  includes  other  oxidizable  substances,  particularly  ascorbic  acid.  The 
glyoxalase  system  serves  as  a  specific  reagent  for  the  quantitative  micro¬ 
estimation  of  GSH.  An  acetone-dried  yeast  preparation  washed  free  of  GSH 
is  the  source  of  the  glyoxalase  system.  The  conversion  of  methyl  glyoxal 
to  D-lactate  is  proportional  to  the  GSH  in  the  test  solution  and  may  be 
followed  manometrically^®^  in  bicarbonate  buffer,  or  by  determining  the 
disappearance  of  methyl  glyoxal. All  the  glutathione  in  blood  and  tissues 
is  in  the  reduced  form.^®®  The  GSH  content  of  the  various  tissues  of  the  rat 
range  from  40  to  200  mg.  per  100  g.  of  tissues. 

g.  Metabolism  of  the  Coenzyme.  When  Dakin  and  Dudley,  in  1913, 
first  demonstrated  the  glyoxalase  system  and  its  widespread  occurrence  in 
tissues,  they  also  observed  the  “antiglyoxalase”  effect  of  certain  tissues. 2®’ 
Schroeder  and  Woodward^®*  and  their  co-workers  later  showed  that  this 
inhibition  of  the  glyoxalase  reaction  was  due  to  an  enzyme  system  which 
hydrolyzes  glutathione.  Ihis  problem  has  recently  been  investigated  by 
Binkley  and  associates^®®  who  have  demonstrated  that  the  breakdown  of  the 
GSH  occurs  in  two  steps.  (3ne  enzyme  hydrolyzes  GSH  to  glutamic  acid 
and  cysteinylglycine;  the  second  completes  the  degradation  to  cysteine 
and  glycine.  Bloch  and  his  co-workers^^o  have  demonstrated  the  de  novo 
synthesis  of  GSH  in  pigeon  liver  extracts  from  the  constituent  amino  acids 
m  the  presence  of  ATP.  The  synthesis  has  been  shown  to  take  place  in  two 
stages.  One  enzyme  catalyzes  the  formation  of  glutamylcysteine,  and  the 
second,  the  reaction  of  the  latter  with  glycine  to  yield  GSH.  No  coenzyme 
requirement  for  these  reactions  has  been  found. 


3.  Pyruvate  Oxidation  Factor 

a.  Introduction.  Until  very  recently  the  status  of  the  coenzyme  form  of 
the  pyruvate  oxidation  factor  (POF)  was  very  obscure.  However  it  now 
appears  that  this  factor  is  lipothiamide  pyrophosphate.”"" 

b.  Historical.  An  unidentified  growth  factor  for  the  protozoan  Tetra- 

m  S'  J-  Biol.  Chem.  109,  1  (1936). 

1  <5  d.  Biol.  Chem.  129,  283  (1939) 

••1  H  and  G  E.  Woodward,  J.  Biol.  Chem.  129,  393  (1939).  ' 

’••E  F  Sohr  16.  163  (1913) 

E  E. 

E.  Reinhart,  ibid.  146,  471  (I942)  ^  E.  Woodward  and  F. 

K.  4M  0951^  “d  C. 

usk,  J.  Am.  Chem.  Soc.  74,  3964  (1952). 
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hymena  geleii  was  first  described  by  Kidder  and  Dewey. Several 
substances  were  shown  to  produce  this  effect^’®  and  were  called  the  “pro¬ 
togens. 

Somewhat  later  O’Kane  and  Gunsalus”^'  observed  that,  when  Strep¬ 
tococcus  faecalis  was  grown  in  a  synthetic  medium,  the  harvested  cells  were 
unable  to  oxidize  pyruvic  acid  unless  supplemented  with  yeast  extract  or 
other  natural  materials.  The  activity  of  yeast  extract  could  not  be  replaced 
by  any  of  the  known  coenzymes  or  vitamins.  The  name  pyru\^ate  oxidation 
factor  (POF)  was  therefore  used  to  designate  the  biological  activity  of  this 


factor. 

The  relationship  of  POF  to  protogen  and  other  factors  became  clear 
when  Snell  and  Broquist^^^  demonstrated  that  POF  as  well  as  protogen 
could  replace  the  acetate  factor  of  Guirard,  Snell,  and  Williams. Gunsalus 
and  Barker^^®  showed  that  POF  could  replace  the  growth  factor  required 
by  Butyribacteriwn  retgerii  and  Lytle  and  O’Kaiie^*®  have  demonstiated 
that  POF  is  able  to  replace  reticulogen  for  the  growth  of  Streptococcus 
cremoris.  These  nutritional  studies  indicated  that  all  these  growth  factors 
were  either  identical  or  very  closely  related.  This  fact  was  subsequently 
borne  out  by  the  crystallization  and  synthesis  of  the  protogens  (thioctic 


acid)  and  of  POF  (lipoic  acid). 

c  Methods  of  Assay.  Gunsalus  and  co-workers  have  developed 
method  of  assay  for  POF  which  is  based  on  the  oxidation  ^ 

S.  jaecalh  cells  harvested  from  a  synthetic  medium.  Such  cells  are  unable 
to  oxidize  pyruvate  unless  supplemented  with  materials  containing  P04. 
The  rate  of  respiration  when  preparations  of  POF  are  added  to  such  cells  is 
taken  as  a  measure  of  POF  activity  and  is  compared  to  the  activity  given 

\:,,r  .1 ..  1.V,  .1.  *-.■ 

rations  of  POF  it  was  shown  that  these  natural  materials  exist  in  seveia 
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forms.  Patterson  et  reported  the  crystallization  of  protogen  B  and 
showed  that  it  contained  30%  sulfur.  Reed  et  al.^^  reported  on  the  crystal¬ 
lization  of  a-lipoic  acid  and  shoAved  that  it  had  POF  activity.  Upon  studying 
its  chemical  nature  they^*®  reached  the  conclusion  that  a-lipoic  acid  is  a 
cyclic  disulfide  with  the  empirical  formula  C8H14S2O2.  In  the  preparation 
of  bioautographs  a-lipoic  acid  is  partially  converted  to  a  more  acidic  sub¬ 
stance,  which  suggests  that  sulfide  is  oxidized  to  sulfoxide. 

Subsequently  Brockman  et  reported  on  the  synthesis  of  dl- 

thioctic  acid  which  had  biological  activity  corresponding  to  the  protogens 
and  the  lipoic  acids.  Hornberg  and  his  group^*®  synthesized  a-lipoic  acid 
and  showed  that  it  had  POF  activity.  They  suggested  that  the  structure  of 
a-lipoic  acid  is  most  probably  one  of  the  optical  isomers  of  the  cyclic  disul¬ 
fide  derived  from  5,8-dithioloctanoic  acid.^s^ 

The  similarity  of  the  results  of  the  group  working  on  the  protogens 
with  those  of  the  group  working  with  the  lipoic  acids  further  emphasizes 
the  probable  identity  of  these  factors. 

The  results  reported  in  an  earlier  section,  showing  the  interconvertability 
of  the  protogens  and  the  lipoic  acids  as  groAvth  factors  for  several  micro¬ 
organisms,  seems  to  indicate  that  the  materials  are  in  reality  nutritional 
factors  (or  vitamins)  for  the  organisms  concerned.  Although  no  direct 
participation  of  POF  m  an  enzyme  system  has  been  demonstrated,  the 
results  of  Gunsalus  and  his  group  showing  a  requirement  for  POF  in  the 
oxidation  of  pyruvate  suggest  the  function  of  POF  or  a  derivative  as  a  co- 
enzyme  in  this  reaction.  It  is  quite  possible  that  the  forms  of  POF  so  far 
obtained  are  not  the  coenzyme  form  and  that  in  the  assay  of  POF  activity 

JhL  aS  ' 

ciatn^r  ‘o  be  closely  asso- 

itn  th  enzymes  involved  m  pyruvate  metaholism.  Korkes  et  al'"’ 

although  able  to  separate  pyruvate  dismutation  into  two  enzymatic  steps 

were  not  aWe  to  remove  POF  from  their  enzymes.  SchweetH^epor  edihat 

in  r  mt"  r  "'though  homogenous 

.n  the  ultracentrifuge,  still  contains  POF  activity.  It  is  possible  that  the" 
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forms  of  POF  which  appear  to  be  bound  to  protein  may  in  fact  be  a  tightly 
bound  coenzyme  form  of  POF. 

In  view  of  the  fact  that  lipoic  acid  is  a  cyclic  disulfide,  it  is  tempting 
to  speculate  on  its  function  as  a  2-carbon  carrier  in  pyruvate  oxidation 
through  a  thioester  in  a  fashion  similar  to  the  CoA  function  in  this  reaction. 
Similarly  the  disulfide  nature  of  this  factor  invites  speculation  on  its  possible 
role  as  an  oxidation-reduction  coenzyme  by  going  through  a  sulfhydryl 
form.  It  is  a  curious  fact  that  three  of  the  factors  involved  in  pyruvate 
oxidation,  thiamine  pyrophosphate,  CoA,  and  POF,  all  contain  sulfur.  In 
the  first  two  of  these  factors,  the  sulfur  appears  to  play  an  important  role 
in  their  mechanism  of  action.  By  analogy  one  would  suppose  that  the  disul¬ 
fide  grouping  of  POF  will  be  prominent  in  its  mechanism  of  action. 

Recently  Reed  and  DeBusk^^*  have  isolated  from  natural  materials  a 
bound  form  of  lipoic  acid  which  seems  to  be  somewhat  closer  to  the  coen¬ 
zyme  form.  Analysis  of  this  compound  as  well  as  its  preparation  from  syn¬ 
thetic  materials  indicates  that  it  is  the  amide  of  thiamine  and  lipoic  acid 
(lipothiamide).  This  important  discovery  may  eventually  cast  some  light 
upon  the  mechanism  of  action  of  lipoic  acid.  It  is  significant  that  lipothi¬ 
amide  can  restore  pyruvate  oxidation  to  deficient  cells,  and  the  authors 
conclude  that  lipothiamide  may  be  part  of  the  coenzyme  for  the  oxidative 
decarboxylation  of  a-keto  acids. 

Even  more  recently,  Reed  and  DeBusk^^oa  j^^ve  observed  that  lipo¬ 
thiamide  pyrophosphate  is  required  for  pyruvate  dismutation  and  a-keto- 
glutarate  oxidation  by  soluble  enzyme  preparations  from  an  E.  coli  mutant. 
They  suggest  that  the  initial  step  in  the  oxidative  decarboxylation  of 
«-keto  acids  is  the  formation  of  an  acyl  lipothiamide  pyrophosphate  com¬ 
plex.  In  a  subsequent  step,  they  assume  that  the  acyl  group  is  transferred 
to  CoA.  These  observations  cast  considerable  light  on  the  mechanism  of 
the  oxidative  decarboxylation  of  a-keto  acids  and  certainly  may  explain 
some  of  the  difficulties  already  discussed  in  the  section  on  TPP.  However 
it  remains  to  be  seen  whethei  lipothiamide  pyrophosphate  carries  the 
acyl  group  as  a  thioester  as  in  CoA,  and  whether  it  acts  exclusively  as  an 
acyl  carrier  and  not  also  as  a  hydrogen  carrier.  One  point  which  is  stil 
not  clear  is  whether  the  oxidation  and  decarboxylation  occur  simultaneously 

or  in  an  orderly  sequence. 


4.  Biotin 

The  vitamin,  Inotin,  has  been  shown  to  influence  a  variety  of  enzymatic 
reactions.  Although  a  bound  form  of  biotin,  biocytm,“»  has  been  obtained 
in  crystalline  form,  no  conclusive  proof  of  the  existence  of  a  coenzyme  oi 

™  L.  D.  Wright,  E.  L,  Crisson,  H.  R.  Skeggs, 

Wolf,  and  K.  Folkers,  J.  Am.  Chem.  Soc.  72,  1048  (1950). 
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of  biotin  has  been  presented.  Lichstein^^^  has  recently  reviewed  all  the 
evidence  which  suggests  the  participation  of  biotin  in  certain  enzymatic 
reactions  and  the  controversial  points  are  thoroughly  considered. 

Biotin  has  been  implicated  as  having  some  kind  of  influence  in  the 
following  enzyme  systems:  oxaloacetic  decarboxylase.^^®’ aspartic 
acid,  serine,  and  threonine  deaminases,^®®  succinic  acid  decarboxylase,^®^ 
and  the  synthesis  of  citrulline.®®®  Much  of  the  evidence  has  been  obtained 
in  nutrition  studies,  and  it  is  not  clear  whether  biotin  affects  the  enzy¬ 
matic  reaction  itself,  or  whether  it  may  be  involved  in  the  synthesis  of 
the  enzyme  or  even  in  some  secondary  reaction. 

The  close  relationship  of  biotin  deficiency  to  the  behavior  of  these  enzyme 
systems  certainly  suggests  that,  by  analogy  to  the  other  members  of  the 
vitamin  B  group,  biotin  may  indeed  be  a  coenzyme  in  some  enzymatic 
reaction.  But  this  point  must  remain  speculative  until  more  concrete  evi¬ 
dence  for  the  direct  participation  of  biotin  or  a  biotin  derivative  in  an 
enzymatic  reaction  is  presented. 

Addendum.  Recent  experiments  have  now  shown^®®  that  CoA-P-P  is  not 
an  intermediate  in  the  acetate- ATP  reaction.  The  reaction  sequence  is  as 
follows: 


ATP  +  E  ^  E-AMP  +  P-P 
E-AMP  +  CoA  E-CoA  -t-  AMP 
E-CoA  -f  Acetate  ^  Acetyl  CoA  +  E 


(88) 

(89) 

(90) 


This  places  the  acetate-ATP  reaction  in  the  class  of  the  “intermediate 
activation  of  the  enzyme”  as  depicted  in  equation  32.  If,  however,  for 
equation  26  we  consider  CoA  to  represent  CoX,  then  the  general  type  of 
transfer  of  either  the  phosphate  or  pyrophosphate  group  of  ATP  will 

apply.  This  appears  to  be  a  likely  possibility  in  the  succinate-ATP  reac¬ 
tion  as  shown  by  equation  59. 


H.  C.  Lichstein,  Vitamins  and  Hormones,  9,  27  (1951). 
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I  General  Metabolism  and  Functions  of  Iron  Compounds  in  the  Body 
Metabolism  of  iron  differs  from  ti>at  of  other  nutritional  elements -.ts 
divergence  from  the  lusual  pattern  of  absorption,  iitihzat  ,  t- .:uig 

^^eZay  of  the  iKHly  to  excrete  iron  is  to  appear 

and  in  compensation  alworption  is  ^  ,  j  of  iron,  is 

body  requirements.  Within  ‘he  Inxy,  P™  Y  ■  dm  P>  >  monies, 
accorded  to  cells  and  tissues  for  tiie  ^ell  metab- 

peroxidase  and  catalases,  respiratory  enzymes  essentia 

oli.sm,  and  of  myoglobin  the  rest  of  the  body 

a  deficiency  of  these  substances  is  .  y  .  ,  of  the  circulating 

iron  is  concerned  with  the  production  and  maintenance 
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hemoglobin,  the  chief  function  of  which  is  to  transport  oxygen  from  the 
lungs  to  the  tissues  where  it  is  utilized  in  cellular  oxidative  processes. 
Hemoglobin  is  synthesized  in  the  bone  marrow  and  travels  in  the  blood 
stream  entirely  confined  within  the  erythrocytes,  d  he  latter  after  an  average 
life  of  120  days  undergo  deterioration  and  are  finally  engulfed  by  the  spleen 
and  Kupffer  cells  of  the  liver  where  breakdown  of  hemoglobin  is  completed. 
From  this  point  the  pathway  of  the  released  iron  appears  to  be  divided, 
some  of  the  iron  going  into  storage  in  the  liver  and  spleen,  while  a  large 
part  is  transported  to  the  bone  marrow  for  immediate  utilization  in  hemo¬ 
globin  synthesis,  thus  completing  the  cycle.  The  small  iron  losses  which 
occur  normally  are  replaced  by  release  of  iron  from  the  storage  depots 
situated  in  the  liver,  the  spleen,  and  the  bone  marrow  in  which  iron  is 
stored  as  ferritin,  storage  iron  being  maintained  by  absorption  of  dietary 
iron.  Transportation  of  iron  in  the  blood  stream  is  an  essential  function  of 
the  serum  or  plasma,  in  which  iron  travels  in  inorganic  ferric  form  reversibly 
bound  to  a  specific  globulin  termed  siderophillin. 

The  total  amount  of  iron  in  the  human  body  has  been  generally  estimated 
at  between  4  and  5  g.,  of  which  65  to  75%  is  combined  in  complex  forms 
with  porphyrins  and  the  rest  is  in  inorganic  form  liound  to  proteins.  The 
exact  distribution  of  the  various  forms  of  iron  present  in  the  body  is  not 
known,  but  the  following  figures  are  approximations  for  the  more  im¬ 
portant  compounds,^  the  iron  being  expressed  as  percentage  of  total  body 
iron:  hemoglobin,  60  to  70;  myoglobin,  3  to  5;  hemoprotein  enz5^mes,  less 
than  1;  ferritin,  15;  serum  iron,  0.1. 


11. 


ADsorption 

Absorption  of  iron  does  not  occur  uniformly  along  the  gastrointestinal 
tract,  the  capacity  for  iron  absorption  showing  a  gradient  throughout  the 
entire  tract,^  absorption  normally  taking  place  almost  entirely  in  the  region 
of  the  duodenum.^  The  area  of  absorption  is  extended  under  therapeutic 
administration  of  iron,  but  although  total  absorption  is  increased  the  effi¬ 
ciency  falls  off  rapidly  with  increasing  dose  and  there  is  a  definite  early 
limit  to  the  amount  that  can  be  absorbed. 

Absorption  takes  place  in  the  form  of  ferrous  ions,  and  the  term  “avail- 
abe  has  been  applied  to  the  iron  present  in  foods  which  is  readily  con¬ 
verted  to  this  form.  Its  reaction  with  a,a'-dipyridyl  has  been  emploved  to 
determine  its  proportion,  but  this  procedure  has  not  achieved  any  great 
b  0  o«,cal  s,Rn,fiea„ce  and  has  fallen  into  disuse.  In  its  wider  .sense  avid 
ability  depends  upon  a  number  of  factors,  the  more  well-defined  of  which 
are  indicated  below.  In  addition  to  the.se  factors  absorpti"  l' dt 

!  w  ^ (1949). 
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pendent  upon  a  regulatory  mechanism  which  controls  the  passage  of  iron 
across  the  mucosal  cells  of  the  intestinal  tract  in  accordance  with  the  needs 
of  the  body. 


1.  Factors  Affecting  Absorption 

a.  Gastric  Digestion.  Production  of  ferrous  ions  from  the  iron  of  food- 
stulTs  preparatory  to  absorption  appears  to  be  an  essential  function  of  the 
stomach.  Reduction  of  iron  by  mixtures  of  certain  foods  with  pepsin  and 
hydrochloric  acid  observed  in  vitro^  has  been  found  to  occur  equally  well 
in  the  stomach  of  normal  human  beings.^  Thus  breads,  meats,  and  fruits 
give  reduction  of  ferric  iron  to  ferrous  as  high  as  50  to  90%.  Proteins  and 
their  digestion  products  and  ascorbic  acid  all  appear  to  be  concerned  in 
the  reaction,  and  it  is  probable  also  that  hydrochloric  acid  is  essential  for 
production  of  ferric  ions  from  the  colloidal  ferric  hydroxide  of  foods,  and 
that  achlorhydria,  or  even  hypochlorhydria,  has  an  adverse  effect  upon 
absorption. 

b.  Ascorbic  Acid.  The  existence  of  a  definite  relationship  between  iron 
metabolism  and  ascorbic  acid  under  physiological  conditions  is  doubtful,® 
but  there  is  considerable  evidence  that  oral  administration  of  ascorbic  acid 
during  the  feeding  of  iron  salts  can  increase  the  efficiency  of  absorption, 

apparently  by  reason  of  its  reducing  action.®'® 

c.  Phosphates.  These  compounds  cause  a  decrease  m  iron  absorption,  an 
effect  which  may  be  related  to  the  calcium-phosphorus  ratio  m  the  diet. 
Where  this  ratio  is  low,  excess  phosphate  combines  with  iron  rendering  i 
insoluble  and  not  available  for  absorption.  The  influence  of  this  factor  has 
recently  received  further  emphasis  by  the  finding  that  the  amount  of  iron 
deposited  in  the  liver  of  rats  is  inversely  related  to  the  phosphorus  content 

d  Phytic  Acid.  Both  ferrous  and  ferric  phytates  are  even  less  soluble  than 
the  phosphates,  and  the  presence  of  phytate  in  ^he  ^iet  consort 
been  stated  to  have  an  adverse  effect  upon 

been  cast  upon  the  effect  by  more  recent  work  in  which  retentio 

3  S.  L.  Tompsett,  Biochem.  J .  34,  961  (1940). 
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7  C.  V.  Moore,  W.  R.  Arrowsmith,  J.  Welch,  and  V.  Miumcti,  J . 

553  (1939). 

8  J.  F.  Powell,  Quart.  J.  Med.  13,  19  (1944).  n948). 

9  I.  C.  Prina  and  L.  Barbieri,  Boll.  bw  .  sper^  .  ^ 
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was  found  to  be  the  same  with  both  high  and  low  phytate  phosphorus 
dietsd^ 

e.  Pyridoxine.  In  pyridoxine  deficiency  in  swine,  absorption  of  iron  con¬ 
tinues  without  utilization,  resulting  in  high  serum  iron  values  and  hemo¬ 
siderosis  of  liver  and  spleen.*'*  In  the  same  condition  in  rats  continued  ab¬ 
sorption  is  demonstrated  by  a  significant  increase  in  total  body  iron.*^  The 
suggested  explanation  of  these  findings  is  that  the  regulatorj^  mechanism 
controlling  absorption  breaks  down  in  pyridoxine  deficiency,  and  as  pyri¬ 
doxine  is  known  to  be  concerned  in  protein  metabolism  it  is  possible  that 
the  defect  occurs  in  the  ferritin-apoferritin  system. 


2.  Regulatory  Mechanism  of  Absorption 

Present  theories  with  regard  to  the  manner  in  which  iron  is  absorbed  are 
based  upon  the  principle  originally  put  forward  by  McCance  and  Widdow- 
son*8  that  there  is  a  negligible  excretion  of  iron  by  the  intestines  and  that 
absorption  is  controlled  by  body  requirements.  Relationship  between  ab¬ 
sorption  and  body  needs  has  been  demonstrated  by  feeding  radioactive 
iron  to  dogs.  Normal  dogs  absorbed  only  a  small  amount,  whereas  dogs 
rendered  anemic  by  chronic  bleeding  absorbed  up  to  twenty  times  this 
amount.*^  The  observation  of  a  latent  period  or  lag  in  response  to  iron 
therapy  in  acute  anemia’®  suggested  the  existence  of  a  critical  level  of  iron 
in  the  mucosal  cells  above  which  absorption  is  blocked,  and  this  has  been 
linked  with  ferritin  by  the  finding  of  a  significant  increase  in  the  ferritin 
content  of  the  duodenal  mucosa  of  guinea  pigs  after  feeding  ferrous  iron.** 
A  similar  increase  occurs  in  the  intestinal  mucosa  of  the  horse.** 

Some  explanation  of  the  one-way  absorption  of  iron  was  afforded  by  the 
mucosal  block  theory  in  which  discharge  of  iron  into  the  blood  stream  by 
the  mucosal  cells  was  assumed  to  be  controlled  by  the  concentration  of  iron 
m  the  serum.**  Serious  objections  to  this  concept  were  provided  by  the 
nc  ing  o  igh  iron  absorption  in  untreated  pernicious  anemia**  and  in 
pyridoxine  deficiency,**.  *®  in  which  conditions  serum  iron  is  high.  Uptake 

14  r  F  ^  ^*’''***S.  Biochem.  J.  42,  452  (1948) 

171  ’  Wintrobe,  and  S.  Humphreys,  J.  Biol.  Chem.  153, 

"  094^9)^''^^''’  M.  M.  Wintrobe,  J.  Biol.  Chem.  178,  989 

**  P'  f’  HaS"' W  W*d^«^so**.  Lancet  ii,  680  (1937). 

69,  739  (1939)  ’  ^**d  G-  H.  Whipple.  J.  Exptl.  Med. 

"Lp''d.Svri69  ami'  ™pple,  /. 

2I  I'  ”^^7  (1946). 

H.  Dubach.  S.  T.  E.  CaUendar,  aad  C.  V.  3,  526  (1948), 
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of  iron  thus  appears  to  i)e  iiulepeiideiit  of  the  level  of  serum  iron,  and  an 
alternative  hypothesis  has  been  advanced.  The  suggested  regulatory  mech¬ 
anism^  may  be  summarized  as  follows:  When  absorbed  into  the  mucosal 
cell  ferrous  iron  is  oxidized  to  the  ferric  condition  and  attaches  itself  to 
apoferritin  to  form  ferritin.  At  the  blood  stream  end  of  the  cell  the  ferric 
iron  is  converted  by  cellular-reducing  substances  to  the  ferrous  condition, 
detached  from  ferritin,  and  passed  into  the  blood  stream  where  it  is  autoxi- 
dized  and  attached  to  siderophillin  for  transport.  Two  regulatory  mech¬ 
anisms  are  assumed  to  exist:  (1)  absorption  of  iron  into  the  cell  is  controlled 
by  the  content  of  ferritin,  becoming  blocked  when  the  cell  is  physiologically 
saturated  with  iron;  and  (2)  release  of  iron  into  the  blood  stream  is  de¬ 
pendent  upon  the  oxygen  level  of  the  blood  which  is  determined  by  its 
hemoglobin  level.  Where  the  latter  is  Ioav,  conditions  are  set  up  favoring 
the  formation  of  ferrous  iron  and  its  transfer  to  the  blood  stream. 


III.  Excretion 

1.  Urine  and  Feces 

Urinary  excretion  of  iron  occurs  in  normal  persons  at  a  fairly  constant 
rate  with  an  average  of  about  1  mg.  per  day.  Ihis  amount  is  increased 
for  about  24  hr.  after  intravenous  injection,  but  the  total  amount  excreted 
represents  only  1  or  2%  of  that  injected.^^.  24  The  inability  of  the  body  to 
excrete  iron  by  this  route  is  well  illustrated  in  hemolytic  anemia  and  m 
hemolysis  induced  by  acetylphenylhydrazine  during  treatment  of  poly¬ 
cythemia  when  less  than  0.5%  of  the  large  amount  of  iron  liberated  m  the 
body  by  destruction  of  red  cells  is  excreted  in  urine  and  feces.^®- 

2.  Bile 

Knowledge  with  regard  to  excretion  of  iron  by  this  route  is  rather  limited, 
but  experimental  observations  suggest  that  there  is  a  regular  daily  excretion 
of  iron  in  the  bile,  comparatively  small  in  amount,  which  may  lie  increased 
in  certain  conditions.  In  dogs  the  daily  excretion  varies  between  0.1  am 
0  2  mg.  and  is  little  affected  by  oral  or  parenteral  iron,  but  it  increases  to 
ten  times  this  amount  when  hemolysis  is  induced  with  phenylhydrasme 
In  the  latter  condition,  however,  the  increased  excretion  represents  onl> 
3%  of  the  amount  of  iron  calculated  to  be  released  from  hemoglobin. 

3.  Skin 

The  statement  that  dermal  excretion  of  iron  amounts  to  *>-5  mK-  JJ®' 
under  conditions  of  minimal  sweating’*  has  not  been  coiihrmed.  In  dogs  no 

..  B.  A.  McCance  and  E.  M.  Widdowson,  J.  lysM.  '‘‘®  iJS'  j, 

n  P.  F.  Hahn,  W.  F.  Bale,  R.  A.  Hettig,  M.  D.  Kamen,  and  G.  H.  Whipple, 

Exptl.  Med.  70,  443  (1939).  277  (1937). 

..  R.  A.  McCance  and  E.  M.  (W 

R.  A.  McCance  and  E.  M.  Widdowson,  Aalare  326  (194  ). 

■' W.  B.  Hawkins  and  P.  F.  Hahn,  y.  «■  .  345(1949) 

..  H.  H.  Mitchell  and  T.  S.  Hamilton,  J.  Biol.  Chem.  178,  345  (1949). 
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significant  excretion  of  radioactive  iron  occurs  by  way  of  the  skin  after 
giving  iron  orally  or  intravenously,^®  and  the  results  of  other  experiments 
with  human  subjects  suggest  that  the  iron  content  of  sweat  is  dependent 
upon  its  cell  content  and  that  dermal  excretion  of  iron  is  due  primarily  to 
desquamation  and  not  to  sweating.®® 

IV.  Iron  in  Blood 

1.  Hemoglobin 

The  primary  function  of  hemoglobin  and  a  general  outline  of  its  meta¬ 
bolic  patliAvay  so  far  as  it  concerns  iron  metabolism  are  given  in  the  first 
section  of  this  chapter.  It  is  a  conjugated  protein  containing  0.34%  of  iron, 
of  molecular  weight  68,000,  in  which  the  metalloporphyrin  hem  is  in  com¬ 
plex  combination  with  the  protein  globin.  The  chemical  structure  of  hem 
was  established  as  ferroprotoporphyrin  9,  type  III,  and  its  synthesis  ac¬ 
complished  in  1929.®^  It  consists  of  four  substituted  methylpyrrole  units 
bound  together  by  methene  bridges  with  an  iron  atom  situated  in  the 
center  of  the  porphyrin  lattice  thus  formed,  bound  to  the  nitrogen  atom. 
1  he  structure  of  the  globin  molecule  has  been  deduced  from  X-ray  anal¬ 
ysis®®  to  consist  of  four  disk-like  layers  superimposed  upon  one  another, 
each  laj^er  being  made  up  of  folded  polypeptide  chains.  The  hem  molecules, 
which  may  also  be  considered  of  disk-like  shape,  although  very'^  much 
smaller  than  the  globin  units,  are  attached  to  the  surface  of  the  globin 
molecule,  four  hems  to  one  globin,  and  lie  parallel  to  one  another  with 
their  flat  surfaces  normal  to  the  polypeptide  chains.  Union  is  postulated  to 
be  brought  about  firstly  by  electrostatic  attraction  between  ionized  pro¬ 
pionic  acKl  groups  of  hem  and  surface  basic  groups  of  globin,  and  secondly 
by  coordination  of  iron  w4th  a  nitrogen  containing  group  of  the  globin 
probably  imidazole  from  histidine.  The  latter  union  stabilizes  the  iron  in 
the  fen-ous  condition  and  allows  it  to  be  reversibly  bonded  to  oxygen 
thus  giving  hemoglobin  its  essential  function  of  oxygen  carrier.®® 
Biosynthesis  of  hemoglobin  is  assumed  to  take  place  in  two  stages  in 
P 'll  l®emg  first  built  up  in  the  differentiating  stem 

later  st!'  ""  attachment  to  globin  occurs  during 

atei  stages  of  development  of  the  red  cell.  Knowdedge  concerning  the 

biosynthesis  of  hem  has  been  largely  clarified  by  definite  evidence  tlmt 

-  W^S.^  Adams,  A.  Leslie,  and  M.  H.  Levin,  Proc.  5oo.  Exptl.  Biol.  Med.  74,  46 

32  M  98  (1929). 

33  P  T?-  {London)  A195,  474  (1949) 

C.  Rimington,  Lancet  ii,  551  (1951). 

ll  n  -Scand.  Suppl.  200  (1947). 
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glycine®^  and  acetate*®  are  utilized  by  the  body  as  starting  compounds.  It 
is  probable,  therefore,  that  these  are  first  condensed  into  pyrrole  ring  units, 
four  of  which  unite  to  give  protoporphyrin  into  which  the  iron  enters  to 
form  hem.  The  exact  steps  by  which  this  process  is  accomplished,  however, 
are  still  a  subject  for  speculation.” 

The  quantity  of  hemoglobin  in  blood  shows  considerable  variation  be¬ 
tween  normal  healthy  individuals  and  in  addition  is  generally  higher  in 
men  than  in  women,  the  probable  limits  expressed  in  grams  of  hemoglobin 
per  100  ml.  blood  being  14  to  18  and  12  to  16,  respectively.  Infants  have  a 
comparatively  high  blood  hemoglobin  at  birth  and  during  the  first  week  of 
life  when  it  averages  about  19,  but  this  figure  then  drops  steadily  to  about 
12  at  3  months.  The  difference  between  the  sexes  does  not  arise  until 
puberty  and  is  no  doubt  attributable  to  the  loss  from  menstruation.  The 
daily  destruction  and  replacement  of  hemoglobin  is  of  the  order  of  7  to  8 
g.,  equivalent  to  a  daily  turnover  of  about  25  mg.  of  iron,  an  amount 
Avhich  necessitates  the  replacement  of  between  2  and  3  million  red  cells 

per  second. 


2.  Serum  Iron 

It  is  now  generally  recognized  that  the  transport  of  iron  within  the  body 
is  a  function  of  the  serum  or  plasma.  Within  the  last  few  yeare  the  manner 
in  which  this  iron  travels  in  the  blood  stream  has  been  elucidated,  and  it 
has  been  established  that  serum  iron  is  quantitatively  *0  a  speafic 

protein  which  has  been  isolated,  crystallized,  and  characterized.  •  The 
protein  is  a  d.-globiilin  occurring  in  Fraction  IV-7  (Cohn)  of  molecular 
weight  90,000,  each  molecule  of  which  is  capable  of  binding  two  atoms  ol 
iron,  the  complex  being  salmon-pink  in  color.  This  protein  is  S'™™  ^ 
referred  to  as  siderophillin,  although  the  term  transferrin  has  also  been 

'Timbfnition  of  iron  with  siderophillin  occurs  in  the  presence  of  carbon 
dioxide,  the  complex  containing  one  CO,  molecule  to  each  iron  atom  he 

I  •  •  forrin  <5tntp  The  reactloii  is  dependent  upon  pH,  being 

iron  being  m  the  fei  ric  state  1  e  reac  i  clecreasing 

at  a  maximum  in  neutral  solution  (pH  >  6.5) 

pH  until  the  latter  is  less  than  5  when  the  whole  ° 

alyzable.  The  iron  is  also  directly  removed  from  the  complex 

verted  to  the  ferrous  state  by  a  reducing  agent. 

36  K.  Bloch  and  D.  Rittenberg,  (1950). 

37  A.  Neuberger,  H.  M.  Muir,  and  C.  . 

38  A.  L.  Schade  and  L.  Caroline,  Science  340 

39  C.  B.  Laurell  and  B.  Ingelman,  Acta  28,  73  (1949). 

40  D.  M.  Sargenor,  B.  A.  Koechhn,  and  L.  E.  btrong, o 

41  C.  B.  Laurell,  Blood  6,  183  (1951).  Biochem.  20,  170  (1949). 
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It  is  not  certain  whether  siderophillin  serves  as  a  true  carrier  of  iron  in 
the  same  manner  as  hemoglobin  is  a  carrier  of  oxygen,  but  a  consideration 
of  the  available  evidence^i  suggests  that  the  data  largely  support  the  car¬ 
rier  theory.  It  is  probable,  therefore,  that  iron  leaves  the  blood  stream  in 
an  ionized  form  and  not  as  an  iron-globulin  complex. 

The  iron-binding  property  of  siderophillin  is  specific  to  this  particular 
protein  and  is  not  exhibited  by  any  of  the  other  proteins  of  serum.  It 
follows,  therefore,  that  the  capacity  of  serum  for  transport  of  iron  is  lim¬ 
ited  by  its  content  of  siderophillin.  Intravenous  injection  of  iron  produces 
a  rise  in  the  serum  iron  level  to  the  saturation  value  only,  any  excess 
rapidly  leaving  the  blood  stream  to  enter  the  tissues  where  toxic  effects 
may  ensue. The  iron-binding  capacity  of  serum  has  been  measured  by  a 
number  of  investigators,^^"*®  the  results  being  expressed  in  micrograms  of 
iron  per  100  ml.  of  serum.  The  mean  results  for  normal  subjects  have 
shown  general  agreement  and  vary  from  300  to  360.  The  figures  for  the 
actual  amount  of  serum  iron  present  in  the  same  subjects  were  106  to  127 
for  males  and  94  to  123  for  females,  so  that  the  degree  of  saturation  nor¬ 
mally  lies  between  30  and  40%.  Values  occurring  in  various  pathological 
conditions  have  also  been  recorded  by  the  same  workers,  but  the  exact 
significance  of  the  iron-binding  capacity  and  degree  of  saturation  is  still 


obscure.  The  suggestion  that  the  degree  of  saturation  may  be  significant 
in  affecting  alimentary  absorption^^  has  not  received  any  confirmation  from 
later  work.^'^ 

\  ariations  in  the  serum  iron  observed  pathologically  are  explicable  on 
the  assumption  that  the  serum  level  indicates  the  iron  available  for  hemo¬ 
globin  synthesis.*®  In  anemia  due  to  iron  deficiency  arising  from  low  intake 
or  absorption,  loss  from  hemorrhage,  or  excessive  uptake  of  iron  by  the 
tissues  as  m  the  anemia  of  infection,  the  serum  iron  is  low.  It  is  also  low 
when  hemoglobin  synthesis  is  accelerated,  as  during  treatment  of  pernicious 
anemia.  When  hemoglobin  synthesis  is  retarded  in  the  face  of  adequate 
stores  of  iron,  as  m  untreated  pernicious  anemia,  aplastic  anemia,  and 
pyridoxme  deficiency,  the  serum  iron  is  high.  In  hemolytic  anemia  accel¬ 
erated  hemoglobin  synthesis  is  coincident  with  accelerated  breakdown  of 

hemoglobin  and  the  serum  iron  may  fluctuate  according  to  which  of  these 
processes  predominates. 


44  p'  S'  *^**^^-  Laurell,  Acta  Physiol.  Scand.  10,  307  (1945). 

46  T?’  T)’  Physiol.  Scand.  Suppl.  46  (1947). 
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V.  Iron  in  Tissues 


1.  Ferritin 

Ferritin  was  isolated  by  Laufberger  in  from  horse  spleen,  which  is 

the  richest  source,  by  addition  of  cadmium  sulfate  to  aqueous  extracts 
when  ferritin  readily  crystallizes  out.  It  is  a  brown,  ciystalline  substance 
containing  17  to  23%  of  iron,  the  proportion  not  being  absolutely  constant, 
which  is  removed  by  the  action  of  a  reducing  agent  in  acid  solution  leaving 
the  iron-free  protein  apoferritin.^'*  The  latter  is  a  colorless  protein  of  the 
globulin  class  with  a  molecular  weight  of  about  460,000,  which  ciystallizes 
on  addition  of  cadmium  sulfate  in  the  same  manner  as  ferritin. 

Ferritin  has  been  shown  to  contain  a  small  amount  of  phosphorus  which 
is  not  contained  in  the  apoferritin  molecule,  and  the  composition  of  the 
iron  compound  in  ferritin  has  been  suggested  to  approximate  to  the  foimula 
(Fe()OH)8-  (FeO-OPOaHs),  or  one  phosphate  group  to  nine  atoms  of  iron.^ 
Examination  by  X-ray  analysis^^  ^^s  indicated  the  structure  of  the  ferritin 
crystal  to  be  essentially  that  of  the  apoferritin  crystal,  and  the  former  has 
been  visualizecP  as  consisting  of  ellipsoid  apoferritin  molecules,  which  are 
possibly  bound  together  by  cadmium  atoms,  with  small  clusters  of  ferric 
hydroxide  phosphate  attached  to  their  surfaces  and  contained  m  the  spaces 
between  them.  Attempts  to  synthesize  ferritin  from  apoferritin  and  an 
iron  compound  have  been  unsuccessful,  and  it  is  believed  that  the  forma¬ 
tion  is  essentially  a  catalyzed  process.  This  supposition  is  supported  by  the 
finding  that  the  magnetic  susceptiliility  of  ferritin  iron  is  quite  character¬ 
istic,  differing  from  all  other  physiological  forms  of  iron  as  well  as  from 
iron  in  ferric  hydroxide  precipitated  in  vitro  by  chemical  methods. 

The  formation  of  apoferritin  in  the  body  appears  to  be  remarkable  in 
that  the  presence  of  apoferritin  itself  has  not  been  demonstrated  ^ny  « 
the  cells  of  tissues  associated  with  ferritin  production,  viz.,  the  h^er  the 
spleen  bone  marrow,  and  intestinal  mucosa.  The  explanation  may  be  either 
that  synthesis  and  breakdown  of  apoferritin  is  a 

breakdown  is  jrrevented  only  by  the  presence  of  iron,'  oi  hat  synthesis 
aToferrhin  is  stimulated  by  the  presence  of  iron  with  breakdown  occurring 

immediately  upon  removj  of  iron.  jemonstrated  by  ex- 

periments  with  radioactive  iron,«  the  results  further  ^ 

Lwly  absorbeil  from  the  alimentaiy  tract  is  stored  mainly  in  thelnei, 

49  M.  Laufberger,  Bull.  soc.  chim.  biol 

90  S  Granick  and  L.  Michaelis,  J.  Biol.  Chem.  147,  91  (19  ). 
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52  I.  Frankuchen,  J.  Biol.  Chem.  160,  57  (1943b 

..L,  Michaelis  drfrancrs  in  ^ 

84  P.  F.  Hahn,  S.  Granick,  W.  r.  maie,  aim 
(1943). 


IRON  METABOLISM 


407 


whereas  iron  released  from  hemoglobin  during  destruction  of  red  cells  may 
be  stored  in  both  the  liver  and  the  spleen.  In  addition  to  its  storage  function 
and  its  role  in  regulating  absorption,  ferritin  has  recently  acquired  further 
physiological  significance  by  being  identified  with  a  vasopressor  principle 
present  in  the  liver  which  is  concerned  with  the  regulation  of  peripheral 
circulation.®^  Although  not  present  in  normal  human  serum,  ferritin  is 
detectable  by  immunochemical  methods  in  the  blood  of  patients  suffering 
from  hemorrhagic  shock,  hepatic  cirrhosis,  heart  failure,  to.xemia  of  preg¬ 
nancy,  essential  hypertension,  and  in  the  edema  fluid  of  nephrosis  and 
congestive  heart  failure.®®'  ®^'  ®®  It  has  further  been  shown  to  possess  anti¬ 
diuretic  properties.®® 


2.  Hemosiderin 


This  is  a  brown,  granular  pigment  present  in  various  tissues  throughout 
the  body,  the  iron  in  which  is  microscopically  stainable  in  contrast  to  that 
of  ferritin  which  cannot  be  viewed  by  histochemical  means.  It  is  not  a 
normal  storage  form  of  iron  as  it  is  present  only  when  there  are  ample 
supplies  of  ferritin,  although  it  can  be  mobilized  for  hemoglobin  synthesis 
when  required,  as  the  results  of  histochemical  examination  of  the  sternal 
marrow®®  have  shown  tliat  in  cases  of  iron  deficiency  anemia  hemosiderin 
is  absent  from  the  marrow.  This  method  has  been  employed  for  the  estima¬ 
tion  of  the  status  of  storage  iron  as  an  indication  of  the  need  for  iron  ther¬ 
apy;  the  latter  being  of  benefit  only  when  hemosiderin  iron  is  absent  from 
the  marrow. 

T.  he  iion  in  hemosiderin,  which  may  be  as  high  as  35%  by  weight,  is 
similar  in  magnetic  properties  to  that  in  ferritin,  and  it  is  possible  that 
hemosiderin  represents  a  further  stage  of  iron  deposition  in  tissues  beyond 
the  foimation  of  ferritin. ^  On  this  basis  the  formation  of  hemosiderin  may 
be  regarded  as  ensuing  from  absorption  of  iron  by  the  tissues  at  a  rate 
greater  than  that  at  which  the  appropriate  amount  of  apoferritin  can  be 
synthesized,  with  the  result  that  the  accumulating  ferric  hydroxide-phos¬ 
phate  units  polymerize  into  large  clusters  instead  of  small  ones  for  attach¬ 
ment  to  apoferritin. 

Large  deposits  of  hemosiderin  occur  in  certain  pathological  conditions, 
n  hemochromatosis  deposition  occurs  spontaneously  in  tissues  throughout 


A.  Mazur  and  E.  Shorr,  J.  Biol.  Chem.  176,  771  (1948). 

E  w Science  102,  489  (1945) 

Lt  28  0947T  “  ’ 

“64.®i5?(1947T:  Biol.  Med. 

162!T98  (iZT''  J- 


C.  E.  Rath  and  C.  A.  Finch,  J.  Lab. 


Clin.  Med.  33,  81  (1948). 
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the  body,  giving  rise  to  dark  pigmentation  and  damage  to  the  tissues  con¬ 
cerned;  similar  effects  occur  chiefly  in  the  liver  and  the  spleen  in  hemo¬ 
siderosis  resulting  from  multiple  blood  transfusions  in  the  treatment  of 
hemolytic  and  aplastic  anemias. 


VI.  Iron  Deficiency 

1.  Etiology 

The  commonest  causes  of  iron  deficiency  are  either  nutritional  or  hemor¬ 
rhagic.  The  former  may  arise  from  low  intake  or  absorption  and  is  rarely 
seen  in  the  adult  man  but  is  fairly  common  in  women.  This  sexual  differ¬ 
ence  is  due  to  the  higher  recpiirements  of  the  latter  to  offset  the  loss  of  iron 
through  menstruation  or  the  extra  demands  of  the  fetus  in  pregnancy. 
The  daily  iron  loss  averages  about  1  mg.  in  men  and  2  mg.  in  women,  and 
daily  intakes  of  5  to  10  mg.  for  men  and  15  mg.  for  women  are  generally 
regarded  as  the  minimum  recjuirements  for  maintaining  a  normal  blood 
picture.  Growing  children  have  the  same  requirements  as  women.  In  preg¬ 
nancy  fetal  requirements  are  balanced  in  the  early  period  by  the  saving  of 
the  loss  from  menstruation,  and  later  by  an  increase  in  the  efficiency  of 
absorption,®^  but  even  so  the  minimal  requirement,  especially  during  the 
last  3  months,  is  probably  higher  than  in  the  non-pregnant  woman  and  is 
better  regarded  as  20  mg.  per  day. 

Iron  deficiency  arising  from  hemorrhage  may  be  due  to  a  variety  of 
common  disorders,  chronic  or  acute,  such  as  gastric  and  duodenal  ulcers, 
hemorrhoids,  menorrhagia,  and  uterine  hemorrhage  at  parturition. 


2.  Therapy 

Treatment  of  iron  deficiency  by  dietary  means  is  a  long  and  doubtful 
process,  and  recourse  is  invariably  made  to  iron  administration.  Such  treat¬ 
ment  is  likely  to  be  of  benefit  only  in  anemia  due  to  nutritional  causes  and 
blood  loss,  for  in  the  anemia  of  infection  or  inflammation  it  is  indicated 
only  after  the  condition  has  subsided.  In  other  anemias  arising  from  dis¬ 
ordered  metabolism  of  iron  it  is  likely  to  be  harmful.  The  important  point 
to  be  noted  with  regard  to  oral  administration  is  that  efficiency  of  absorp¬ 
tion  falls  off  with  increasing  do.sage,  so  that  although 
sary  for  the  best  clinical  re.sults  there  is  a  limit  beyond  which  al  the  110 
m^ely  goes  to  waste.  For  this  reason  it  is  usual  to  prescribe  a  daily  dosage 
Tt  greLr  than  25  grains  of  ferrous  sulfate,  absorption  being  aided  by 

simultaneous  administration  of  ascorbic  acid. 

Treparations  of  saccharated  iron  oxide  suitable  for  intravenous  inje  t  on 
are  now  available,  and  as  a  means  of  by-passing  the  barrier  o  regulated 
absorption  and  getting  quick  results  their  use  is  increasing,  but  as  this 

61  P.  F.  Hahn,  Federation  Proc.  7,  493  (1948). 
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method  is  potentially  lethal  its  application  is  necessarily  subject  to  circum¬ 
spection.  The  obvious  danger  attending  the  use  of  intravenous  iron  is  the 
development  of  hemosiderosis,  but  reports  so  far  available,  especially  the 
study  made  by  Andersson,®^  suggest  that  this  possibility  is  rather  more 
remote  than  anticipated.  A  total  dosage  by  this  route  of  25  to  40  mg.  of 
elemental  iron  for  each  1%  deficit  of  hemoglobin  with  a  limit  of  100  mg. 
for  a  single  dose  has  given  good  results  with  very  few  toxic  reactions, 
being  especially  useful  in  the  anemia  of  pregnancy. 

N.  S.  E.  Andersson,  Acta  Med.  Scand.  138,  Suppl.  241  (1950). 

D.  L.  Harrigan,  J.  F.  Mueller,  and  R.  W.  Vilter,  J.  Lab.  Clin.  Med.  36,  422 

(1950). 

R.  J.  G.  Sinclair  and  J.  J.  R.  Duthie,  Brit.  Med.  J.  ii,  1257  (1950). 

“  J.  M.  Scott  and  A.  D.  T.  Govan,  Lancet  i,  367  (1951). 

R.  G.  Holly,  Blood  6,  1159  (1951). 
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I.  Functions  and  Distribution 

1.  Functions 

a.  Calcium.  The  chief  function  of  calcium  in  the  body  is  concerned  with 
the  formation  and  maintenance  of  the  skeletal  structure.  The  important 
physiological  actions  of  calcium,  however,  appear  to  provide  some  justifi¬ 
cation  for  the  view  held  in  some  quarters  that  this  is  in  reality  a  secondary 
function  to  the  provision  of  an  adequate  store  directed  to  the  maintenance 
of  a  constant  level  of  calcium  ions  in  blood,  lymph,  and  tissues.  Calcium 
ions  are  an  essential  factor  in  nerve  conductivity  and  in  muscle  contrac¬ 
tion,  variations  in  concentration  from  the  limited  optimal  range  having 
profound  effects  upon  these  processes.  Thus,  a  low  concentration  produces 
hyperirritability  and  tetany,  and  a  high  concentration  causes  depressions 
of  nerve  conductivity  and  muscle  rigor.  Calcium  ions  play  a  part  in  the 
maintenance  of  normal  rhythm  of  heart  beat  and  also  are  necessary  for 
the  natural  coagulation  of  blood,  although  there  is  no  evidence  that  the 
coagulation  time  is  ever  affected  by  lack  of  calcium  in  pathological  condi¬ 
tions. 

b.  Phosphorus.  The  major  part  of  the  body  phosphorus  is  intimately 

associated  with  calcium  in  skeletal  metabolism,  but  a  higher  proportion 
than  is  the  case  with  calcium  is  concerned  in  other  vital  processes.  By  their 
function  in  phosphoiylation,  phosphates  form  an  intermediate  stage  in  the 
metabolism  of  fats  and  carbohydrates  and  are  also  used  by  the  body  in 
building  up  the  more  permanent  organic  phosphates,  including  catalysts, 
which  are  essential  to  cell  structure  and  metabolism.  Phosphates  provide 
the  energy-ricli  bonds  in  compounds  such  as  adenosinetriphosphate  which 
are  important  m  muscle  contraction,  and  they  are  utilized  in  the  formation 
of  the  phosphatides  of  nerve  tissue,  the  nucleoproteins  of  cell  nuclei  and 
phosphoproteins  such  as  casein  of  milk.  ’ 


L.'ISTRIBUTION 

Of  the  total  calcium  in  the  body,  99%  is  contained  in  bones  and  teeth 
and  if  the  tendons  and  ligaments  are  included  the  complete  skeletal  struc- 
ure  contains  99.5%  of  the  body’s  calcium.^  The  remaining  0.5%ris  dis- 
trihuted  among  the  l.lood,  tlie  lymph,  and  the  soft  tissues  in  n^ich  the 
concentration  varies  somewhat  but  in  general  that  of  the  tissues  and  lymph 
appioximates  to  the  ililTusible  calcium  concentration  of  plasma  ’  Variable 

H,  H,  IVlitcliGllj  T,  S  tt  t?  i 

168.  625  (1946).  ’  '  and  H.  W.  Bean,  J.  Biol.  Chem. 

‘  See  C.  L.  A.  Schmidt  and  D.  M.  Greenberg,  Pkysiol.  16.  297  (1935). 
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difficulties  of  obtaining  accurate  figures  for  distribution  in  humans  are 
obvious,  and  very  few  analyses  are  available. 


II.  Calcium  and  Phosphorus  in  Blood 

1.  Calcium 


In  blood,  calcium  is  confined  to  the  plasma  or  serum,  the  red  blood  cells 
being  essentially  calcium-free.  The  concentration  in  serum,  expressed  in 
milligrams  per  cent,  averages  10.4  and  normally  lies  between  9.9  and  11.2* 
but  extreme  variations  in  health  may  be  found  between  9.0  and  11.4.  In¬ 
fants  appear  generally  to  have  a  higher  serum  calcium  level  than  the  adult 
average,  the  mean  figure  being  11.2,^^  but  no  variation  has  been  detected 
in  old  age.* 

It  appears  to  be  generally  accepted  that  about  50  to  60%  of  the  total 
serum  calcium  is  dialyzable  and  therefore  presumably  in  ionized  form  Avhile 
the  remainder  is  non-diffusible  and  is  bound  to  protein,  but  any  exact 
relationship  between  calcium  and  protein  in  serum  remains  obscure.  The 
original  suggestion  that  this  relationship  could  be  expressed  by  the  simple 

mass  law  eciuation* 


[Ca++]  [Protein  ] 


=  K 


[Ca  proteinate] 

received  support  from  further  data,*  but  a  somewhat  different  relationship 
was  arrived  at  by  Greenberg  and  Tufts,^  who  suggested  the  following 

equation: 

[Ca'^'*']  [Total  protein]  p  ++ 

Total  Ca  =  +  Ca 

In  normal  sera  the  value  of  [Ca++1  may  be  regarded  as  constant  and  the 
expression  becomes  Total  Ca  =  m  Total  protein  +  6.  1  his  equation  iias 
found  to  he  not  applicable  to  sera  from  patients  ivith  hyperglobulinem  , 
aT th  s  led  to  an  el-amination  of  the  calcium-binding  capacity  of  different 
globuhn  fractions/  the  results  of  which  showed  ^"ifs 

3  J.  D.  Robertson,  Lancet  ii,  97  (1941).  .  Toro  New  York,  1939. 

■  r  M  f Ctin™'  Tml  cJm.  107,  337  (1934),  108,  285. 

:  I  S;  B.  Hastings,^/  “^i“’(.937). 

1  D.  M.  Greenberg  and  E.  V. 

*  N,  Drinker,  A.  A.  Green,  and  '  ,  r  47  823  (1950). 

.  N.  H.  Martin  and  D.  J.  Perkins.  B.ochem.  J.  47,  323  (195U). 
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protein  fractions  of  serum  for  comliining  with  calcium  is  in  harmony  with 
the  conclusion  of  Ludewng  and  his  associates, formed  from  ultracentrifuge 
studies  of  the  calcium-protein  relationship,  that  the  application  of  the 
simple  mass  law  to  human  serum  is  unreliable.  It  would  appear  that  the 
only  positive  statement  to  be  made  w'ith  regard  to  this  relationship  is  that 
it  is  a  reversible  equilibrium  and  that  the  complex  may  be  regarded  as  a 
reserve  of  calcium  ions  for  physiological  use. 

The  level  of  the  calcium  in  blood  is  largely  maintained  by  the  action  of 
the  parathyroid  glands  which  are  stimulated  to  hypersecretion  of  their 
hormone  by  low  serum  levels  and  generally  to  hyposecretion  by  high 
levels,  the  effect  being  to  bring  about  a  return  of  calcium  concentration  to 
normal.  The  actions  of  this  and  other  factors  influencing  blood  calcium  are 
discussed  later  in  this  chapter. 


2.  Phosphorus 

The  diversity  of  phosphorus  compounds  in  the  body  is  reflected  in  the 

blood  in  w'hich,  in  addition  to  free  inorganic  phosphate,  phosphoric  esters, 

phospholipids,  nucleotides,  and  a  small  amount  of  nucleic  acid  circulate. 

The  presence  of  such  complex  compounds  serves  to  emphasize  the  fact 

that  although  most  of  the  body’s  phosphorus  is  associated  with  calcium  in 

skeletal  metabolism  the  inorganic  phosphate  of  the  blood,  which  is  of  chief 

significance  in  this  respect,  is  in  dynamic  equilibrium  wdth  other  vital 

processes  beyond  the  range  of  this  chapter,  disorders  in  w'hich  may  also 

affect  phosphorus  metabolism.  The  inorganic  phosphate  of  the  blood  is 

normally  present  in  completely  ionized  form,  distributed  equally  between 

the  cells  and  the  plasma,  the  concentration  in  normal  adults,  in  milligrams 

per  cent,  usually  lying  between  2  and  4,  w^hereas  in  infants  and  children  it 

is  rather  higher,  being  normally  between  3  and  5.  Increase  in  the  calcium 

or  phosphate  concentration  in  blood  to  a  high  level,  e.g.,  by  intravenous 

injection  of  phosphate,  leads  to  the  formation  of  a  colloidal  calcium  phos- 

p  ate  complex^!  w^hich  is  stated  to  be  phagocytized  in  the  liver  spleen  and 
bone  marrow^l2 

The  level  of  inorganic  phosphate  in  blood  is  controlled  by  a  balance  of 
vitamin  parathyroid  hormone,  and 

III.  Skeletal  Calcium  and  Phosphorus 

Bone  consists  essentially  of  an  organic  matrix  lakl  down  by  osteoblasts 
upon  winch  mmeral  matter,  chiefly  calcium  and  phosphate,  is  depos  ted 
the  mature  bone  consisting  of  a  hard  outer  cortex  an<l  an  in.mr  IrXmed 

;;  F.  C.  McLean  and  M.  A.  Hinrichs.  Am.  J  J  f 

I.  Gersh,  Am.  J .  Physiol.  121,  589  (1938).  *  * 
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the  trabeculae.  From  a  metabolic  viewpoint  the  former  area  is  relatively 
immobile  and,  except  where  there  is  a  very  severe  demand  for  calcium  and 
phosphorus,  plays  no  important  part  in  calcium  and  phosphorus  inter¬ 
change  going  on  within  the  body.  The  trabeculae,  on  the  other  hand,  are 
in  a  constant  state  of  mol)ility  and  function  as  immediate  storage  depots 
in  and  from  which  calcium  and  phosphorus  are  stored  or  released  as  the 
need  arises.  Deposition  of  calcium  and  phosphate  in  bone  occurs  in  the  form 
of  a  double  salt,  the  formula  of  which  is  usually  written  CaC03-3Ca3(P04)2, 
some  of  the  calcium  being  replaceable  by  magnesium.  This  salt  is  related 
both  in  composition  and  in  X-ray  characteristics  to  the  apatite  series  of 
minerals. 

Deposition  and  resorption  of  bone  salt  is  a  continuous  process  which  is 
not  yet  fully  understood  although  it  is  certain  that  a  major  participant  in 
calcification  is  the  phosphatase  of  bone  which  acts  by  accelerating  the 


hydrolysis  of  organic  phosphates  to  produce  local  concentrations  of  phos¬ 
phate,  thus  bringing  about  precipitation.  Calcification,  however,  is  by  no 
means  as  simple  as  this  and  is  postulated  by  Logan  and  Tayloi  to  proceed 
stepwise,  the  first  step  consisting  of  aggregation  of  calcium  and  phosphate 
ions  in  almost  equal  numbers  followed  by  loss  of  phosphate  from  the 
aggregate  with  formation  of  the  apatite  crystal  lattice  which  then  grows 
by  removal  of  calcium  and  phosphate  ions  from  solution.  It  is  assumed 
that  the  carbonate  moiety  of  bone  salt  is  taken  up  in  the  last  stage  of 
formation  by  an  exchange  of  ions  between  the  liquid  phase  and  the  pre¬ 
cipitate  arising  from  changes  in  the  composition  of  the  former  with  which 
the  latter  has  to  be  brought  into  equilil)rium.  Replacement  of  calcium  by 
other  cations  may  also  occur  at  this  stage.  Logan»  concludes  that  the 
critical  factor  in  the  initiation  of  deposition  may  be  the  ionic  product 
(Ca++)(HP04— )  rather  than  (Ca++)*(P04— )^  although  the  resulting 
precipitate  is  Ca3(P04)2.  CaHP04  has  not  been  detected  m  normal  bones 
l>ut  it  has  been  found  to  the  extent  of  about  23%  in  the  bones  of  rats  fed 
a  high-phosphorus  low-calcium  diet  without  vitamin  D.^^ 

Calcification  proceeds  in  the  adult  as  well  as  dunng  growth,  and  a 
adequate  supply  ot  calcium  and  phosphorus  is  thus  essential  thiougho 
life  to  a  healthy  skeletal  structure,  including  teeth 

over  proceeds  after  growth  at  a  reduced  rate.  Certain  factois  t  , 

which  influence  absorption  or  retention  of  these  elements  can  bring  a  loi 
delliineralization  of  bone  in  some  conditions.  Their  effects  are  discussed  m 

the  following  sections. 

OM.  A.  Logan  and  11.  lo  Taylor.  J.  lUol.  CUm.  119.  293  (1937);  126.  377,  391 
(1938) 

H  M.  A.  Logan,  Physiol.  Revs.  20,  522  (1940).  p^„nkuchen  J.  Biol.  Chein. 

>5  A.  Hirschmann,  A.  E.  Sobel,  B.  Kramer,  and  I.  Frankuchen, 


171,  285  (1947). 
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IV.  Factors  Influencing  Absorption 

1.  Calcium-Phosphorus  Ratio 

In  ail  adecpiate,  well-balanced  diet  the  ratio  of  calcium  to  pliosphoiiis  is 
of  little  significance  from  the  nutritional  vieM^point,  but  in  less-balanced 
diets  this  ratio  assumes  some  importance.  At  the  pH  of  the  intestine  cal¬ 
cium  phosphate  is  difficultly  soluble,  and  excessive  amounts  of  calcium  will 
render  most  of  the  phosphate  insoluble  and  thus  not  available  for  absorp¬ 
tion;  a  high  ratio  of  phosphate  to  calcium  has  a  similar  effect  upon  the 
calcium.  This  effect  is  enhanced  when  there  is  a  deficiency  of  vitamin  D, 
the  incidence  of  rickets  being  directly  related  both  to  the  actual  amount 
ingested  and  to  the  calcium-phosphorus  ratio. 

In  infants  the  ideal  calcium-phosphorus  ratio  is  2:1,  which  represents 
the  proportion  of  these  minerals  in  mother’s  milk.  With  increasing  age  this 
ratio  is  not  so  important  and  may  fall  below  1 . 


2.  Phytic  Acid 

The  anticalcifying  effect  of  cereals  was  first  noted  l)y  Mellanby’®  and  was 
ultimately  traced  to  the  presence  of  phytin,  or  inositol  hexaphosphoric 
ester,  ihis  substance  constitutes  50  to  80%  of  the  phosphate  of  cereals 
and  is  hydrolyzed  only  to  the  extent  of  37  to  64%^^  in  the  alimentary  tract. 
Such  phosphate  is  thus  largely  not  available  for  absorption,  and  as  in  ad¬ 
dition  it  forms  with  calcium  an  insoluble  calcium  phytate,  a  proportion  of  the 
ingested  calcium  is  also  rendered  non-available.  Some  investigators^^’ 
have  concluded  that  the  anticalcifying  effect  of  cereals  is  due  to  a  lowering 
of  the  available  phosphate,  whereas  others^®’  have  attributed  it  to  the 
low  calcium-phosphate  ratio  and  have  found  that  the  addition  of  calcium 
lactate  or^carbonate  to  the  diet  counteracts  the  rachitic  effect.  Other  ex- 
periments"  have  led  to  the  suggestion  that  the  effect  of  phytin  can  diminish 
naturally  if  it  forms  a  constant  item  of  diet.  In  three  normal  subjects  an 
abrupt  change  from  their  usual  diet  to  one  high  in  phytate  phosphorus 
brought  about  an  immediate  negative  calcium  balance  which,  however,  in 
time  was  restored  to  equilibrium  and  the  calcium  deficit  made  good  Phos¬ 
phorus  retention  was  at  first  lowered  in  two  subjects  by  the  addition  of 
he  phytate  but  was  later  improved  still  further  by  a  reduction  in  dietary 

Dhvtat^?  due  to  hydrolysis  of  calcium 

P  ytate  at  a  level  of  the  ahmentaiy  tract  high  enough  to  permit  subsequent 

E.  Mellanby,  Brit.  Med.  J.  11,  849  (1922)  ' 

H  M  Widdowson,  Biochem.  J.  29,  2694  (1935). 

•9  J  T  T  ^‘dlow,  Biochem.  J.  28,  517  (1934). 

^0  N  Palmlr  1991  (1936). 

21  n'  p  ®  Mottram,  Biochem.  J.  33,  512  (1939) 

N.  Palmer,  Biochem.  J.  33,  853  (1939)  ' 

A.  R.  P.  Walker,  F.  W  Fox  and  T  T  Tr,  •  -  i. 

ox,  and  J.  i.  Irving,  Biochem.  J.  42,  452  (1948). 
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absorption,  and  also  to  a  gradual  adjustment  of  the  body  to  the  lowered 
calcium  absorption.  Such  findings  afford  a  useful  illustration  of  the  effect 
of  phytic  acid  in  the  diet  and  demonstrate  the  efforts  of  nature  to  overcome 
the  difficulties  imposed  by  it,  but  it  is  obviously  undesirable  that  the  body 
should  be  forced  to  operate  at  a  low  level  with  possible  detriment  to  normal 
calcification,  and  the  practice  of  adding  calcium  carbonate  to  flour  and 
other  cereal  foods  to  neutralize  their  anticalcifying  effect  is  now  generally 
accepted  as  physiologically  sound. 


3.  Vitamin  D 

It  has  been  established  experimentally  that  vitamin  D  increases  absorp¬ 
tion  of  calcium  from  the  intestine^**-®  and  that  although  phosphorus  absorp¬ 
tion  is  not  influenced  directly  an  increase  occurs  as  a  result  of  the  higher 
absorption  of  calcium.  Experiments  with  radioactive  calcium’*^  have  shown 
that  in  rats  absorption  occurs  most  rapidly  during  the  first  2  to  4  hr.  after 
administration  and  is  not  influenced  by  vitamn  D,  but  that  after  this 
period  absorption  occurs  only  in  those  rats  receiving  this  factor.  The  evi¬ 
dence  indicated  that  the  increase  in  efficiency  of  absorption  produced  by 
vitamin  E  was  due  to  an  extension  of  conditions  favoring  absorption  from 
the  proximal  two-thirds  of  the  small  intestine  to  the  distal  one-third  of 
the  small  intestine  and  to  the  large  intestine.  Regarding  the  mode  of  action 
of  vitamin  D  it  is  a  general  finding  that  administration  causes  a  lowering  of 
intestinal  pH.  It  has  further  been  shown  by  Steenbock  et  that  there  is 
a  coincident  increase  in  urinary  pH  which  they  liken  to  the  postprandial 
alkaline  tide  induced  by  gastric  secretion.  These  authors  point  out,  how¬ 
ever  that  it  cannot  be  stated  whether  the  vitamin  stimulates  gastric  secre¬ 
tion ’of  acid  or  causes  a  depletion  of  base  in  the  intestines,  and  that  the 
possibility  also  remains  that  the  increase  in  calcium  absorption  may  itself 
bring  about  a  depletion  of  base  in  the  intestine,  in  which  case  the  effect 
upon  pH  must  be  considered  as  a  secondary  one.  The  mode  of  action  thus 
remains  obscure  and,  can  be  clarified  only  by  further  experimental  work. 


4.  Fat  Absorption 

When  fat  splitting  and  absorption  is  normal  the  ingestion  of  h^ 
general  been  found  to  aid  calcium  absorption.  In  condrtions  in 
is  excessive  fat  excretion,  however,  such  as  sprue  or 
calcium  is  lost  in  the  feces  as  calcium  soaps.  It  has  also  beei  gg  • 

R.  Nicolaysen,  Biochem.  J.  31,  105,  10^  122,  323 

*<  F.  Albright  and  H.  W.  Sulkowitch,  /.  Cltn.  Invest.  17,  305  (1938). 
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that  in  these  conditions  loss  of  vitamin  D  in  the  feces  contributes  to  the 
inefficiency  of  calcium  absorption. 

5.  Citrates 

Addition  of  citrate  to  a  rachitic  diet  has  been  observed  to  render  it 
non-rachitic*®  and  to  aid  calcification.*^  It  is  suggested  that  citrates  lower 
the  pH  of  the  intestinal  tract,  form  calcium  citrate  which  is  relatively 
soluble,  and  aid  deposition  subsequent  to  absorption  by  raising  the  pH  of 
tissue  fluids. 

6.  Protein  Intake 

Addition  of  protein  to  a  basal  diet  has  been  shown  to  increase  calcium 
absorption  and  retention  in  men,*^  and  addition  of  peptone  to  the  diet 
increases  calcium  absorption  in  rats.**  The  effect  upon  absorption  is  pre¬ 
sumed  to  be  due  to  soluble  calcium  compounds  formed  with  the  amino 
acids  produced  by  digestion  of  the  protein.  Better  retention  may  possibly 
be  due  to  the  creation  of  a  favorable  nitrogen  balance  which  assists  in  the 
laying  down  of  matri.x  necessary  for  deposition. 

7.  Oxalic  Acid 

Absorption  of  calcium  may  be  prevented  by  the  formation  of  insoluble 
calcium  oxalate  where  oxalic  acid  forms  a  significant  proportion  of  intake. 
The  most  notable  example  is  spinach  which  contains  sufficient  oxalic  acid 
to  render  all  its  calcuim  non-available  with  some  to  spare  for  other  calcium 
present  in  the  diet.  There  is  some  doubt,  however,  that  this  factor  has  any 
major  effect  upon  nutrition  in  normal  circumstances. 


8.  Gastric  Hydrochloric  Acid 

It  is  generally  accepted  that  a  normal  secretion  of  hydrochloric  acid  by 
the  stomach  is  necessary  for  optimal  absorption  of  calcium  and  phosphate 
better  absorption  being  due  to  a  lowering  of  the  pH  of  the  gastrointestinal 
tract.  The  presence  of  hypochlorhydria  or  achlorhydria  therefore  exerts  an 
adverse  influence  upon  calcium  and  phosphate  absorption 


y.  magnesium 

Malcolm'’^  has  shown  that  magnesium  caused  increased  loss  of  calcium 
m  adult  ammals  and  hinders  its  deposition  in  young  growing  animals.  There 

”  W.  uTlai  A'Btiae,  7.  Clin. 

*“  A.  T.  Shohl,  J.  Nutrition  14,  69  (1937) 

»  if'  h  Nulrition  17,  419  (19301 

••  T  C  San? k  L^h  Lehmann,  J.  36,  686  (1942) 

34  T  At'  1  ;  ^  Biochem.  J.  38,  117  (19441  ^ 

.  Malcolm,  J.  Physiol.  {London)  32,  183  (1905). 
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seems  little  doubt  that  magnesium  acts  antagonistically  to  calcium  utiliza¬ 
tion.®^ 

V.  Excretion 
1.  Calcium 

Calcium  is  excreted  in  both  feces  and  urine,  about  80%  of  the  total 
amount  excreted  l)eing  in  feces  and  20%  in  the  urine.  Fecal  calcium  consists 
of  unabsorbed  calcium  together  with  calcium  which  has  been  absorbed  and 
re-excreted.  It  has  been  generally  assumed  that  the  large  intestine  is  the 
major  site  of  excretion  into  the  intestines,  but  recent  experiments  with 
radioactive  calcium  have  demonstrated  that  in  the  rat  all  segments  of  the 
intestinal  tract  are  active  in  this  function  with  the  small  intestine  predomi¬ 
nating.®®  Calcium  is  excreted  in  urine  mainly  as  chlorides  and  phosphates, 
and  in  feces  as  phosphate,  carbonate,  and  soaps. 


2.  Phosphorus 

In  contrast  to  calcium,  excretion  of  phosphorus  occurs  mainly  in  the 
urine,  about  two-thirds  of  the  total  amount  excreted  being  lost  by  this  route, 
almost  entirely  as  phosphates  of  the  various  cations,  the  remainder  being 
excreted  in  feces  chiefly  as  calcium  phosphate.  Fecal  phosphorus  is  com¬ 
posed  of  unabsorbed  together  with  re-excreted  phosphate,  the  latter  having 
been  estimated  to  average  25  to  30%  of  the  total  fecal  phosphorus.®^ 

VI.  Factors  Affecting  Utilization  of  Absorbed  Calcium  and  Phosphorus 

The  inclusion  of  factors  under  this  heading  has  been  made  with  some 
reservation,  as  it  is  obvious  that  comlitions  which  induce  profound  dis¬ 
turbance  of  any  vital  metabolism  may  have  indirect  influence  upon  others 
We  have,  therefore,  includerl  only  those  factors  which  appear  to  haxe  a 
well-defined  effect,  either  direct  or  indirect,  upon  calcium  and  phosphoius 

metabolism. 

1.  Parathyroid  Hormone 

This  hormone  is  secreted  by  the  parathyroid  glands,  nhich 
number  and  lie  on  the  posterior  surface  of  the 

manner  in  which  the  hormone  exerts  its  action  upon  calcium  and  Phoj 
“abolism  has  not  been  proved  satisfactorily,  but  ‘  ^  7;^" 
effect  of  administration  of  parathyroid  extract  which  has  been  ge  J 
observed  is  an  increased  excretion  of  phosphorus  m  the  mum 
ompanied  by  a  lowering  of  the 

the  urinary  phosphate  excretion  has  been  ascribed  by  Uairison 

1.  J.  D.  Robertson,  Ch,My  &  43,  439  (1951). 

«  H.  D.  Wallace.  E.  L.  Shirley,  and  G.  K.  Davis  a. 

”  K.  Kjerulf-Jensen,  Acta  Physiol.  Scand.  3,  1  (194  ). 
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rison*®  to  a  lowering  of  the  rate  of  reabsorptioii  of  phosphate  by  the  renal 
tubules.  This  finding  was  not  supported  by  Fay  et  but  Tweedy  et  al.^^ 
found  a  prompt  increase  in  urinary  excretion  of  radiophosphorus  by  thy- 
roid-parathyroidectomized  rats  in  response  to  parathyroid  extract,  whereas 
the  latter  had  no  effect  upon  the  retention  or  excretion  of  radiophosphorus 
in  bilateral  nephrectomized  rats.  It  was  concluded,  therefore,  that  the 
parathyroid  hormone  exerts  a  direct  action  upon  the  kidney. 

This  initial  effect  of  the  hormone  upon  the  urinaiy  and  serum  phosphate 
is  followed  by  an  increase  in  the  concentration  of  calcium  in  the  serum  and 
an  increased  urinary  excretion  of  calcium,  although  the  latter  is  not  of 
sufficient  magnitude  to  prevent  hypercalcemia.  Continued  administration 
of  the  hormone  brings  about  impairment  of  renal  function  so  that  urinary 
excretion  of  phosphate  decreases  and  serum  inorganic  phosphate  becomes 
increased  above  normal,  with  the  result  that  calcium  phosphate  is  precipi¬ 
tated  in  the  form  of  renal  calculi. 


The  effect  of  parathyroid  hormone  upon  bone  is  considered  by  Albright^^ 
to  be  secondaiy'  to  the  increase  in  urinary  phosphate  excretion,  the  deple¬ 
tion  of  serum  phosphate  causing  accelerated  resorption  of  phosphate  from 
bone  which  is  inevitably  accompanied  by  increased  calcium  resorption.  This 
author  di.stinguishes  between  hyperparathyroidism  with  bone  disease  and  a 
like  condition  without  bone  disease.  In  the  former  there  is  an  increase  in 
the  resorption  of  bone  with  a  compensatory  increase  in  bone  formation,  the 
osteoblasts  ami  osteoclasts  being  numerically  increased  and  the  phosphatase 
activity  of  the  serum  raised.  The  latter  condition  shows  normal  bone  metab¬ 
olism,  and  the  increased  calcium  excretion  is  postulated  to  come  entirely 

fiom  increased  calcium  intake  and  absorption,  whereas  serum  phosphatase 
activity  is  normal. 

Albright’s  hypothesis,  however,  is  regarded  as  an  over-simplification 
by  Milne,^i“  who  draws  attention  to  the  fact  that  the  increase  in  urinary 
excretion  of  phosphorus  is  insufficient  to  account  for  the  total  loss  of  phos¬ 
phate  if  that  of  the  extracellular  fluid,  with  which  the  plasma  phosphate  is 

j^to  account.  Milne  concludes  that  the 
•o icfstfte  h  1  significance  in  the  hypoparathy- 

plastL  «  stimulate  osteo- 

Thus  although  it  appears  certain  that  parathyroid  hormone  can  exert 
a  d.rect  aoUon  upon  both  hone  and  kidney,  coLiderable  divergencTo 
op,n.on  ex.ste  as  to  wh.ch  effect  is  primary.  Further  work  will  no  doubi 

••M.  Faf'T 'cVrh''  "■  134.  -81  (1041). 

W.  R.  Tweedy.  M.  E'chilcote  and  P  T‘’  ('M2). 
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be  directed  to  other  possibilities  such  as  the  existence  of  more  than  one 
hormone  and  the  effect  of  changes  in  calcium-binding  power  of  serum 
albumin.'*^*' 


2.  Vitamin  D 


The  beneficial  effect  of  vitamin  D  upon  calcium  absorption  has  already 
been  noted  and  is  usually  stressed  as  the  major  action  of  this  vitamin  upon 
calcium  and  phosphorus  metabolism.  There  is  considerable  evidence,  how¬ 
ever,  of  further  effect  upon  this  metabolism  within  the  body,  but  its  precise 
nature  is  still  a  subject  for  speculation. 

It  has  been  demonstrated  in  hypoparathyroidism  that  administration  of 
vitamin  D  has  the  effect  of  increasing  urinary  excretion  of  phosphate  and 
lowering  the  level  of  the  serum  inorganic  phosphate.^^' This  action  is  con¬ 
sidered  by  Albright  and  his  associates  as  a  primary  action  of  the  vitamin, 
but  as  the  apparent  effect  is  usually  quite  different  it  is  assumed  that  a 
balancing  of  actions  occurs  when  vitamin  D  and  parathyroid  hormone  are 
present  together.  In  rickets  and  osteomalacia  resulting  fiom  deficiency  of 
vitamin  D  the  usual  findings  are  a  normal  serum  calcium  and  a  low  serum 
inorganic  phosphate.  These  are  explained  by  a  primary^  reduction  of  cal¬ 
cium  absorption  due  to  lack  of  vitamin  D  which  causes  a  low  serum  calcium; 
the  latter  stimulates  the  parathyroids  to  increase  their  secretion,  leading 
commonly  to  hyperplasia,  restoring  the  calcium  level  to  normal,  but  pro¬ 
ducing  a  coincident  fall  in  the  inorganic  phosphate.  When  calcemic  doses 
of  \'itamin  D  are  administered,  absorption  of  calcium  from  the  intestine  is 
increased,  causing  the  serum  calcium  to  rise,  the  need  for  hypersecretion 
of  hormone  ceases,  and  with  depression  of  this  activity  the  serum  inorganic 
phosphate  rises  towards  normal,  while  the  low  parathyroid  secretion  causes 
urinary  phosphate  excretion  to  fall.  Toxic  doses  of  vitamin  D  cause  a  very 
rapid  absorption  of  calcium  from  the  intestine  which  increases  the  serum 
calcium  well  above  the  normal  level  and  leads  to^  f 
thyroidism  so  that  a  rise  in  the  serum  phosphate  level  occurs.  p  y 
logical  action  of  vitamin  D  upon  phosphorus  metaboiism  is  thus  assumed 
to  be  completely  oversliadowed  by  that  of  the  parathyroid  hormone. 

There  is  some  evidence  that  vitamin  D  also  has  a 
bone  cells  effectinR  an  increased  deposition  of  bone  sa  .  y  ^ 

effect  of  adding  vitamin  D  to  a  rachitic 

served  that  deposition  of  bone  in  rats  was  resumed  at  the  ex  «ns  _ 

phosphorus  and  that  tissue  growth  was  suspended.  Deposition 


Lancei  1,  79  (1953).  r  t  17  n938) 

U  F.  Albright  and  H.  W.  Sulkowitch  7.  C  m.  J'  jg,  igg  (,939). 
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phosphorus  in  the  skeleton  of  the  rat  has  been  found  to  be  increased  by  25 
to  50%  by  administration  of  vitamin  D/®  and  tracer  experiments  with 
calcium  and  strontium  have  demonstrated  that  deposition  in  bone  of  these 
elements  is  approximately  doubled  in  rachitic  rats  treated  with  vitamin 


3.  Thyroid 

It  has  been  generally  established  that  thyroid  dysfunction  leads  to  a 
disturbance  of  mineral  metabolism.  In  hyperthyroidism  an  increased  excre¬ 
tion  of  calcium  and  phosphorus  is  constantly  found  which  is  diminished  by 
iodine  medication  and  is  still  further  diminished  after  subtotal  thyroid¬ 
ectomy.^^  The  high  urinary  calcium  excretion  also  returns  to  normal  after 
about  14  days’  treatment  with  the  antithyroid  drug  thiouracil.**®  A  high 
fecal  excretion  of  calcium  has  also  been  reported  but  is  not  a  clearly  estab¬ 
lished  feature  of  hyperthyroidism.  Long-standing  untreated  hyperthyroid¬ 
ism  is  accompanied  by  an  osteoporosis,  the  cause  of  which  is  still  a  matter 
of  differing  opinion. 

Robertson'*®  suggests  that  the  thyroid  hormone  exerts  a  direct  action 
upon  the  kidney  which  has  the  effect  of  lowering  the  renal  threshold  for 
calcium,  causing  an  increase  in  urinary  excretion  of  calcium  leading  to 
decalcification.  Albright**  is  of  the  opinion  that  the  osteoporosis  is  due 
primarily  to  the  negative  nitrogen  balance  usually  associated  with  this 
condition  which  results  in  an  insufficient  supply  of  organic  material  for 
matrix  formation,  and  in  support  of  this  hypothesis  he  refers  to  the  report 
that  administration  of  testosterone  propionate  to  a  case  of  hyperthyroidism 
to  reduce  the  negative  nitrogen  balance  also  reduced  the  urinary  excretion 
of  calcium.^o  Green  and  Lyall**  report  that  the  results  of  their  experiments 
m  SIX  cases  of  severe  hyperthyroidism  show  that  grossly  increased  excretion 
o  nitrogen  and  phosphorus  is  not  a  necessary  accompaniment  of  a  higher 
excretion  of  calcium,  nor  is  this  true  in  reverse.  These  authors  appear  to  be 
attracted  to  a  new  version  of  the  theory  that  the  acidosis  of  hyperthyroid¬ 
ism  may  e  t  e  primary  cause  of  the  loss  of  calcium,  and  they  criticize  the 
rejection  of  an  explanation  upon  this  line  by  Albright  el 

In  hypothyroidism  calcium  and  phosphorus  excretions  are  generally  de¬ 
creased,  becoming  normal  with  thyroid  medication. *8  No  evidence  of  denser 
bone  fonmafon  has  resulte<l  from  radiographic  studies  of  threClt.w' 

D '  M  Chem.  130,  625  (1939) 

47  n  Biol.  Chem.  157.  99  (1945). 

«  T  ?'  I^obertson,  J.  Endocrinol  2  237  noam 

J.  Green  and  A.  Lyall.  Lancet  i,  828  (1951).  ^naocrinoL.  2,  237  (1940). 

J.  D.  Robertson,  Lancet  1,  672  (1942). 

L.  W.  Kinsell,  S.  Hertz,  and  E.  C  Reifenstein  T  rr  r 
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4.  Steroid  Hormones 

A  review  of  the  effect  of  sex  hormones  upon  the  skeletal  system  of  both 
oviparous  animals  and  mammals  by  Gardner  and  Pfeiffer^*  has  emphasized 
the  difference  in  response  to  these  substances  in  different  species  and  the 
difficulties  of  generalization  even  in  individual  species.  These  authors  con¬ 
clude  that  the  steroid  hormones  have  a  part  in  the  control  of  skeletal 
growth  in  that  large  amounts,  in  particular  of  estrogens,  inhibit  longitudinal 
osseous  growth,  whereas  small  amounts,  particularly  of  androgen,  may 
accelerate  it.  They  suggest  that  estrogenic  action  upon  calcification  prob¬ 
ably  consists  in  a  stimulation  of  osteoblastic  activity. 

Chief  interest  in  the  action  of  the  steroid  hormones  upon  bone  metabo¬ 
lism  in  man  has  centered  upon  senile  and  postmenopausal  osteoporosis. 
An  investigation  of  the  effect  of  estradiol  benzoate  upon  the  calcium  and 
phosphorus  metabolism  in  three  cases  of  postmenopausal  osteoporosis  gave 
evidence  of  a  considerable  retention  of  calcium  and  phosphorus,  the  urinary 
and  fecal  excretions  being  reduced.^"*  This  work  was  later  extended,^®  cei- 
tain  estrogens,  androgens,  and  progesterone  being  used  m  a  study  of  the 
effect  of  these  substances  upon  various  types  of  osteoporosis.  It  was  ob¬ 
served  that  estradiol  and  diethylstilbestrol  cause  a  decrease  m  the  excre¬ 
tions  of  calcium  and  phosphorus,  as  also  do  testosterone  and  methyltes- 
tosterone,  whereas  progesterone  is  without  effect.  In  addition  it  was  found 
that  the  combined  action  of  estrogen  and  androgen  upon  calcium  metabo¬ 
lism  is  greater  than  either  alone.  In  Cushing’s  syndrome  estrogen  appears 
to  have  some  beneficial  action  upon  calcium  balance  but  androgen  is  veiy 

much  more  effective.  , 

Estrogen  therapy  with  dienestrol  has  been  shown  to  increase  the  numbe 

and  thickness  of  bone  trabeculae,  previously  atrophic,  with  an  increase  in 
the  number  of  osteoblasts  and  abnormally  wide  osteoid  seains  in  osteoporo- 
si»  complicating  Paget’s  disease  -  The  effect  of 

studied  in  postmenopausal  osteoporosis  and  tlie  beneficial  effect  ‘ 

lie  maximal  only  when  tlie  intakes  of  calcium  and  phosphorus 

aliout  twice  the  accepted  optimal  requirements.”  fnrmation 

In  explanation  of  tlie  effect  of  steroid  hormones  upon  hone  foimatioi 

Mliright-  .suggests  that  this  effect  is  determined  by  their  influence  upo 
anriiohsm.  Those  which  promote  this,  androgens  and  estrogens, 

W.  U.  Gardner  and  C.  A.  P'-ffer  23  13^ 

F.  Albright,  E.  Bloomberg,  and  P.  H.  bmitn,  iran^.  ^ 

Oi  itcifenetein  an.l  K.  Albright,  J.  CUn- 

»  M.  S.  Sherman,  J.  Bone  *  Joint  Surg 
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68  F.  Albright,  Ann.  Internal.  Med.  27,  861  (19  ). 
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stimulate  the  osteoblasts  to  lay  clown  organic  matrix  and  thus  bring  about 
higher  retention  and  deposition  of  calcium  and  phosphorus,  whereas  those 
inhibiting  it,  “sugar-active”  corticoids,  depress  osteoblastic  activity. 


VII.  Requirements  for  Health 

1.  Calcium 


The  daily  requirement  of  calcium  for  maintenance  of  health  has  been 
computed  from  balance  experiments  conducted  by  many  independent  ob¬ 
servers.  In  normal  healthy  adults  equilibrium  is  reached  between  intake 
and  output  when  the  former  is  in  the  region  of  0.55  g.  daily,  but  as  it  is 
desirable  that  the  intake  of  calcium  should  be  above  the  minimum  required 
for  balance  a  margin  of  50%  is  allowed  for  safety,  which  brings  the  require¬ 
ment  of  adults  to  0.8  g.  daily. 

Children  have  a  higher  calcium  requirement  than  adults,  owing  to  de¬ 
mands  for  skeletal  grovTh,  and  their  minimum  requirement,  assessed  in  the 
same  manner  as  that  of  adults,  varies  with  age  and  in  adolescence  with  sex. 
The  Recommended  Dietary  Allowances  of  the  Food  Nutrition  Board  (1945) 
give  the  following  scale  for  children:  up  to  and  including  9  years  of  age, 
1.0  g.;  10  to  12  years,  1.2  g.;  girls  13  to  15  years,  1.3  g.;  girls  16  to  20  years, 
1.0  g.;  boys  13  to  20  years,  1.4  g. 


In  pregnancy  and  lactation  the  calcium  intake  should  be  at  least  1.5  and 
2.5  g.  daily,  respectively.  As  about  two-thirds  of  the  total  calcium  in  the 
fetal  skeleton  is  deposited  during  the  last  three  months  of  pregnancy  the 
higher  intake  of  calcium  should  begin  by  the  fifth  month  and  should  con¬ 
tinue  until  lactation  is  over.  These  higher  requirements  are  necessitated  by 
the  apparent  absence  of  any  conserving  mechanism  for  calcium  during  this 
period  of  reproduction,  and  the  calcium  necessary  for  building  the  fetal 
skeleton  and  for  milk  production  has  to  be  provided  by  the  mother  in  the 
face  of  her  usual  absorption  and  excretion. 

It  IS  notable  that  the  general  tendency  in  recent  years  has  been  to  raise 
le  requirement  figures  to  higher  levels,  especially  those  for  children  and 
for  pregnant  and  lactatmg  women.  This  tendency  is  due  in  part  to  a  recog- 
mtion  of  the  variations  which  occur  both  in  absorption  and  utilization 
\een  mcividuals,  and  also  to  the  observation  of  benefit  to  grovTh 

calitm  dietTTh^fi  ’  ■'ecei^'ing  higher 

calcium  diets.  The  figures  quoted  above  therefore  are  now  largely  regarded 

as  minimal  rather  than  optimal  requirements  regarded 


Thosphorus 


harbr!cai,Ty"  it  appeitTo’  hai"!iT"‘''  '™'n  “  balance 

little  chance  of  a  deEcv  ^f  T  t  ^  ‘'’at  there  is 

y  f  phosphoius  arising  from  any  diet  which 
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satisfies  human  requirements  of  other  nutrients,  and  there  is  indeed  good 
justification  for  such  an  assumption.  Phosphoms  is  widely  distributed  in 
food  substances  and  in  addition  is  concentrated  in  the  seeds  of  plants 
rather  than  the  leaves,  whereas  the  reverse  is  true  of  calcium,  so  that  the 
prominence  of  flesh  foods  and  grain  products  in  human  diets  renders  man 
subject  less  to  phosphorus  deficiency  and  more  to  calcium  deficiency  than 
animals. 

A  study  of  the  phosphorus  maintenance  requirement  of  adults  made  by 
Sherman^^  showed  that  balance  was  achieved  with  an  intake  of  0.88  g. 
daily,  so  that  the  safe  daily  allowance  is  computed  to  be  1.32  g.  Children 
should  be  allowed  about  half  as  much  again  as  adults,  and  in  pregnancy 
and  lactation  the  intake  should  be  twice  the  ordinary  figure. 


VIII.  Calcium  and  Phosphorus  Metabolism  in  Disease 

Abnormal  calcium  and  phosphorus  metabolism  may  be  due  to  the  fol¬ 
lowing  causes. 

1.  Failure  of  Absorption  or  Lack  of  Available  Calcium 

AND  Phosphorus 

a.  Rickets.  Rickets  is  due  to  a  vitamin  deficiency  in  children.  The  ratio 
of  calcium  to  phosphorus  in  bone  remains  constant,  indicating  that  the 
type  of  salt  laid  down  is  normal,  although  the  amount  is  insufficient.  In  t  e 
blood  the  calcium  is  normal,  the  phosphate  low,  and  the  phosph^atase  hig  . 
It  has  been  noted  that  if  the  product  of  calcium  and  phosphate  m  the 
blood  in  milligram  per  cent  is  40  or  over  rickets  did  not  develop  vhereas  a 

uroduct  of  under  30  led  to  rickets.  ,. 

b.  The  Steatorrheas.  This  group  is  meant  ^  include 

ease  and  the  like.  It  is  indirectly  a  vitamin  D  deficiency.  The  prima^ 

Ltors  appear  to  be  a  fatty  diarrhea  and  the  fo^^^^^y^Sarare  low 
insoluble  calcium.  In  the  blood  both  serum  calcium  and  phosphate 

'"t  Osilol'lat'or  D  Deficiency  in  Adults.  The  picture  differs 

from  rickets  in  that  the  calcium  loss  from  meranToccum  most 

phorus.  The  disease  is  commoner  in  women  than 

frequently  in  India  and  China.  1  is 

calcium  and  vitamin  D  are  the  mam  ebo^g-l  factors^  The^im^^^^^ 

accentuated  by  repeated  pregnancies  *1“='“,  ‘  tetany  is 

cium.  The  blood  shows  a  low  calcium  and  phosphoms, 

common.  "RpOridden  patients  because 

d.  Osteoporosis  Due  to  Other  Causes.  (1)  Bedrddei  P 

of  reduced  activity  (2)  Ba.sophilic  adenoma  of  the  pituitary  fo, 

»»  H.  C.  Sherman,  J.  Biol.  Chem.  41,  173  (1920). 
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cortical  tumors  (4)  Paget’s  disease  where  the  changes  may  be  confined  to 
one  bone  (5)  Osteogenesis  imperfecta,  a  hereditary  disease  characterized 
by  blue  sclerotics  and  deafness;  (6)  Multiple  myeloma. 

2,  An  Increased  Excretion  of  Calcium  and  Phosphorus  Secondary 
TO  Diseases  of  the  Thyroid  and  Parathyroid  Glands 

These  conditions  have  already  been  discussed  in  Section  VI  of  this 
chapter. 
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I.  Introduction 

A  very  considerable  number  of  elements  has  been  shown  to  occur  in  a 
wide  range  of  animal  tissues  and  fluids  in  such  minute  amounts  that  they 
can  appropriately  be  described  as  “traces.”  Numerous  studies  of  biological 
materials  from  widely  separated  sources  have  established  the  fact  that 
copper,  manganese,  zinc,  iodine,  cobalt,  nickel,  aluminum,  chromium,  tin, 
silicon,  titanium,  lead  rubidium,  lithium,  molybdenum,  arsenic,  fluorine, 
biomine,  barium,  and  strontium  are  commonly  present  in  low  concentra¬ 
tions  in  blood,  milk,  and  tissues  of  higher  animals,  and  other  metals,  such 
as  silver,  gold,  boron,  cadmium,  and  cerium  are  occasionally  present.  No 

doubt  others  will  be  detected  as  more-refined  analytical  methods  are  de¬ 
veloped. 

Demonstration  of  a  physiological  role  for  many  of  these  trace  elements, 
if  any  such  exists,  has  lagged  far  behind  their  mere  detection  in  the  li\dng 
organism  Of  the  twenty  elements  listed  in  the  first-mentioned  group  only 
the  hrst  five  copper,  manganese,  zinc,  iodine,  and  cobalt,  have  been  defi- 
mtely  established  as  essential  for  animal  life.  Several  others,  incUidinK 
Ivwp  7’  I  molybdemim,  barium,  and  strontium 

eb  ll’’  to  them,  based  on  eviilence 

uhich  although  not  condusivc,  is  certainly  susKestive.  'I'liis  include.s  the 

ecent  h,«  ily  mterestin,  Ihidins  of  Uy,h,.  by  the  use  of  specially  ^  ifcd 

?r.  -  *r=  ,  !C 

. .  —  '-■» 

'  0-  Rygh,  Bull.  soc.  chim.  hiol.  31,  1052  (1949). 
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It  may  well  be  that  animal  tissues  have  developed  a  passive  tolerance 
to  the  presence  of  some  of  these  elements,  owing  to  their  more  or  less 
constant  occurrence  in  the  soils,  the  foods,  the  waters,  and  the  atmosphere 
with  which  the  organism  is  continuously  associated.  Even  a  consistent  con¬ 
centration  of  certain  elements  in  particular  organs  or  tissues,  however 
teleogically  tempting,  cannot  be  taken  as  evidence  that  the  element  in 
question  is  there  for  some  definite  purpose,  since  such  a  concentration  may 
merely  mean  a  higher  tolerance,  or  a  greater  chemical  affinity,  of  one  tissue 
or  organ  compared  with  that  of  another.  Nevertheless,  it  seems  probable, 
as  more  highly  purified  diets  are  produced  and  techniques  improve,  that 
at  least  some  of  these  “accidental”  trace  elements  will  be  found  to  have 
specific  physiological  functions  in  the  animal  body.  It  should  not  be  for¬ 
gotten  that  at  one  time  copper,  manganese,  and  zinc  were  also  regarded  as 
merely  interesting  contaminants. 

Recognition  of  the  fact  that  certain  trace  minerals  are  essential  com¬ 
ponents  of  the  diet  of  some  or  all  of  the  higher  animals  has  come  mostly  from 
two  types  of  investigations.  These  were  at  first  independent  and  distinct 
but  have  recently  tended  to  merge.  In  this  respect  the  history  of  the 
development  of  our  knowledge  of  the  trace  minerals  is  strikingly  similar 
to  that  of  the  vitamins.  The  first  type  is  the  investigation  of  certain  natu¬ 
rally  occurring  diseases  of  man  and  animals  which  respond  to  treatment 
with  minute  doses  of  particular  minerals.  The  demonstrations  that  iodine 
deficiency  is  the  cause  of  endemic  goiter  of  man  and  of  farm  stock  and  that 
cobalt  deficiency  is  the  cause  of  a  group  of  wasting  diseases  of  grazing 
sheep  and  cattle  are  examples  of  this  type  of  investigation.  They  con¬ 
stitute  one  of  the  best  illustrations,  in  the  whole  field  of  biological  endeavor, 
of  the  way  in  which  a  thorough  scientific  attack  on  a  naturally  occurring 
“field”  problem  can  lead  to  results  of  fundamental  interest  and  importance. 

The  second  of  these  types  of  investigation  is  that  of  the  pure  scientist 
interested  in  studying  the  effects  on  animals  of  highly  purified  or  specially 
constituted  diets  deliberately  designed  to  have  an  abnormally  low  content 
of  a  particular  “trace”  mineral.  In  this  way  the  essentiality  of  copper 
manganese,  and  zinc  in  the  nutrition  of  small  laboratory  animals  was  first 
demonstrated.  At  first  these  studies  were  confined  to  small  animals  because 
of  such  obvious  advantages  as  rapid  growth  and  reproduction,  small  food 
consumption,  and  relative  ease  ot  control  of  environmenta  ^»"d.tu>ns. 
Advances  in  other  branches  of  nutrition,  notably  in  that  of  the  '’’‘am 
have  enormously  increased  the  effectiveness  of  this  type  ^ 

the  early  days  of  mineral  nutrition  research  The  puriheil , hot  or  part,^ 
purified' diet  technique  is  now  being  applied,  with  some 
Lck  for  the  study  of  mineral  deficiencies  and 
could  be  studied  only  in  special  and  restricted  areas. 
of  naturally  occurring  deficiencies  have  provided  new  stimuli  for 
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investigation  of  the  mode  of  action  of  the  trace  minerals  in  small  laboratory 
animals  by  disclosing  additional  and  often  unexpected  functions  within  the 
body.  In  this  connection  it  is  only  necessary  to  mention  the  relation  of 
copper  to  the  development  of  nervous  tissue  in  the  fetal  lamb  and  of  man¬ 
ganese  to  bone  formation  in  the  chick  embryo.  The  former  relationship 
was  established  during  investigation  of  the  naturally  occurring  condition 
of  enzootic  ataxia  in  lambs,  and  the  latter  during  investigation  of  the 
problem  of  nutritional  chondrodystrophy  and  perosis  of  poultry. 

The  trace  elements  are  frequently  considered  by  nutrition  workers  as  a 
group,  much  as  the  vitamins  are.  But,  like  the  vitamins,  they  are  not  physio¬ 
logically  related  and  have  little  in  common  with  each  other,  except  their 
ability  to  function  in  minute  quantities.  Even  in  this  respect  they  differ 
maikedly  in  their  quantitative  requirements  by  animals.  The  minimum 
requirements  of  copper  and  manganese,  for  instance,  are  of  the  order  of 
one  hundred  times  those  of  iodine  and  cobalt,  and  zinc  occurs  in  animal 


tissues  and  fluids  in  amounts  so  large  compared  with  those  of  the  elements 
just  mentioned,  that  it  hardly  deserves  the  term  “trace”  element  at  all. 
Nor  do  physical  and  chemical  similarities  between  elements  imply  similar 
physiological  properties.  Lhnng  cells  are  extraordinarily  specific  in  their 
mineral  requirements.  It  is  only  necessary  to  compare  cobalt  and  nickel, 
m  this  respect,  and  iodine  and  bromine  to  make  this  point  clear.  Neverthe¬ 
less,  as  a  group,  the  trace  elements  must  act  as  catalysts  involved  in  hor¬ 
mone  or  enzyme  systems,  either  as  constituent  parts  of  the  molecules  of 
ormones,  enzymes,  or  coenzymes,  or  as  enzyme  activators.  In  fact,  as 
reen  has  said  .  .enzymic  catalysis  is  the  only  rational  explanation 
how  a  trace  of  some  substance  can  produce  profound  biological  effects  ” 
any  e.xamples  of  trace  minerals  functioning  as  integral  parts  of  enzyme 
molecules  or  m  activating  enzymic  processes  are  now  known,  but  we  are  far 
from  any  real  understanding  of  their  mode  of  action  in  the  living Tody 
The  development  of  greatly  improved  methods  of  estimating  accuratefy 

eleTeTs^aTlfcTtend  is\hTof1“r‘T 

logical,  pharmacoCaUnd 

deliberately  restricted  his  considerations  to  T  nT  T  -T  , 
elements.  Selenium  and  lead  are  therefore  not  £  ‘TthT  ll 

rXaXTi:'  “roTn 

cause  Physiological  properti.  have  beenTredT 

•  .  Green,  Advances  in  Enzymol.  1, 177  (1941).  ^ 
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are  best  known  for  their  toxic  properties.  Fortunately  for  most  of  the 
trace  elements  there  is  a  wide  margin  between  physiological  and  toxic 
levels.  The  former  can  therefore  be  considered  exclusively,  or  almost  ex¬ 
clusively,  without  appearing  unduly  arbitrary  and  without  serious  loss  of 
effectiveness. 

II.  Copper 


Although  it  is  more  than  a  century  since  copper  was  first  associated 
with  living  tissues,  it  was  not  until  1928*  that  it  was  conclusively  shovn 
to  be  an  essential  component  of  the  diet  ol  mammals.  It  is  probable  that 
Bucholz-*  (1816)  and  Miessner^  (1817)  were  the  earliest  workers  to  show 
that  copper  is  a  constituent  of  plants,  and  Boutigny®  (1833)  of  animals. 
During  the  next  fifty  years  many  investigations  established  the  fact  that 
copper  is  consistently  present  in  plant  and  animal  tissues,  but  most  of  the 
actual  values  obtained  are  suspect  because  of  faulty  methods  of  analysis. 
Moreover  its  occurrence  was  considered  to  be  merely  accidental.  The  first 
suggestion  that  copper  fulfills  a  vital  role  in  the  higher  forms  of  life  came 
in  1920  from  several  French  investigators,'  who  worked  with  plants. 

Long  before  this,  considerable  scientific  effort  had  centered  upon  a 
physiological  role  for  copper  in  the  marine  hlne-hloods— the  ga,stropods  am 
arthropods.  Harless*  detected  this  element  in  snails  in  184i  andshouedtha 
it  existed  in  combination  with  the  blood  proteins,  hrmericq*  in  18i8 
established  the  fact  that  the  copper-containnig  pigment  (hemocyamn)  in 
the  blood  of  the  octopus  behaved  as  a  respiratory  pigment.  Hemocyainiis 
from  different  marine  species  are  now  known  to  vary  in  composition  and 
copper  content,  but  they  all  unite  with  oxygen  in  a  dehnite  ratio  to  coppei . 
Oratonr  of  oxygen  is  taken  up  for  atom  of  copper  m  the -1^^^^^ 
Vnother  copper  compound  of  eaily  hiologna  n  .  .r  ■  . 

pigment,  turacin  which  -  .Uo 

.  E.  B.  Hart,  H.  Steeiibock,  J.  Waddell,  and  C.  A.  Elvehiem,  J.  B.ol.  Cke,n.  7  , 
797  (1928). 

4  C.  F.  Bucholz,  Rept.  Pharm.  2,  253  (181b  • 

5  W.  Messner,  Ann.  chini.  et  phys. 

8d’E.  J.  Boutigny,  Chim.  nied.  %  (  •  •  (1920);  B.  Guerithalt, 

1  L.  Maquenne  and  E.  Domousby  41,  (.920). 

ibid.  171,  196  (1920);  G.  Bertrand.  Ba  h  soe.  mi.  yg 

.  E.  Harless,  Arch.  Anal.  u.  Phyctol.  >48.  (‘MG- 
A,  S' (1869);  F-.  Roy.  Soc.  (Ionian)  61.  399 

,1  ^'.timiogton,  Proc,  Hoy.  Soc.  (London)  B127,  106  (1939). 
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species  in  which  copper  occurs  combined  with  porphyrin,  d’he  reason  for 
its  occurrence  in  these  birds  is  unknowm. 


1.  Copper  Content  of  Animal  Tissues  and  Organs 

The  literature  dealing  with  the  distribution  of  cojiper  throughout  the 
animal  body  is  voluminous.  Data  are  available  for  the  copper  content  of 
the  principal  tissues  and  organs  of  rat,  rabbit,  cat,  dog,  guinea  pig,  sheep, 
ox,  horse,  domestic  fowl,  and  man.  Copper  occurs  in  varying  concentrations 
in  every  tissue  and  organ  of  the  body,  but  individual  variability  is  too 
great  to  allow  definite  values  to  be  assigned  to  particular  organs.  Never¬ 
theless,  the  di.stribution  of  copper  throughout  the  body  is  similar  in  all 
species  so  far  examined,  and  certain  organs  and  tissues  consistently  carry 
much  higher  concentrations  of  copper  than  others  (see  Table  1).  The  en¬ 
docrine  glands  (pituitary,  thyroid,  and  thymus)  are  examples  of  organs 
with  very  low  copper  content,  whereas  the  liver,  the  kidneys,  the  heart, 
the  brain,  and  the  hair  are  usually  among  the  highest  in  copper  concentra¬ 
tion.  Relatively  high  values  for  the  spleen  and  the  lungs  have  also  fre¬ 
quently  been  reported.  The  liver  has  received  more  attention  than  any  other 
organ  because  it  acts  as  a  storage  organ  for  copper  and  reflects  the  copper 
^atus  of  the  animal,  but  it  is  apparent  from  the  work  of  Tompsett 

Rusoff,!*  and  others  that  the  bones  and  muscles  may  contain  much  larger 
total  stores  of  this  element. 

The  age  and  the  level  of  copper  intake  of  the  animal  are  the  two  principal 
factors  affecting  the  copper  content  of  the  liver.  In  all  .species,  including 
man,  considerable  storage  of  copper  occurs  in  the  liver  during  intra- 
u  erine  life,  but  the  extent  of  this  storage  and  the  time  at  which  maximum 
concentration  exists  vary  in  different  species.  In  man,  rat,  rabbit,  guinea 
Mrfh  “if maximum  concentrations  generally  occur  at  or  near 

Xeither  can  the  co-eVcltnB^\^^^^^^^^^  t 

w.  jj.  McFarlane  and  H  I  TUilno  r  d-  7 
■’  S.  Brackiaani.  and  S.  G.’  ZondekN„ltf,4tro  aJm 
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the  hen.i*  But  these  stores  are  markedly  and  significantly  reduced  by  sub¬ 
normal  copper  intakes  by  the  mother.  This  has  been  demonstrated  for 
several  species  and  is  well  illustrated  by  the  data  of  Bennetts  and  Beck.^* 
These  workers  found  the  liver  copper  of  five  ataxic  lambs  from  copper- 
deficient  ewes  to  range  from  4  to  8  p.p.m.  Cu  on  the  dry  basis,  whereas  five 
normal  lambs  from  healthy  ewes  gave  values  ranging  from  120  to  350  p.p.m. 

The  functional  significance  of  these  congenital  copper  deposits  is  still 
not  completely  understood.  The  suggestion  that  copper  is  accumulated  in 
the  fetal  liver  because  this  is  the  chief  site  of  blood  formation  during  em¬ 
bryonic  life  is  an  attractive  one,  but  it  must  be  realized  that  the  hemato¬ 
poietic  acti\'ity  of  the  liver  is  at  its  highest  during  early  fetal  life  and  has 
nearly  disappeared  at  birth  when,  in  most  species,  the  copper  concentration 
is  highest.  The  further  claim  that  the  liver  copper  stores  of  the  newborn  are 
provided  to  compensate  for  the  low  copper  content  of  the  maternal  milk 
also  seems  obvious  enough  and  is  certainly  supported  by  the  fall  in  concen¬ 
tration  of  liver  copper  during  the  suckling  period  which  occurs  in  most 
species.  There  is  evidence,  however,  at  least  for  the  rat,  the  rabbit,  the 
guinea  pig,  ^  and  the  sheep, that  the  total  amounts  of  copper  in  the  liver 
actually  increase  during  suckling. 


The  marked  reduction  in  the  copper  content  of  the  liver  of  the  newborn 
resulting  from  subnormal  copper  intakes  by  the  mother  is  paralleled  by 
the  effects  of  inadequate  copper  intakes  in  older  animals.  Low  liver  copper 
levels  have  been  found  m  rats  and  pigs  suffering  from  milk  anemia^i  and 
in  sheep  and  cattle  grazing  copper-deficient  pastures.^®’  22.  23  "wq^gn  diets 
already  adequately  supplied  with  copper  are  supplemented  by  this  element 
greatly  increased  liver  copper  concentrations  result. 2^.  24^  These  findings 
show  clearly  the  great  storage  capacity  of  the  liver  for  copper  and  make  the 

'I™''  indicator  of  the  copper  status 

’’T  “7-  ""  ‘he  important 

factors  of  ap  and  species,  liver  copper  estimations  can  be  used  with  con¬ 
fidence  in  the  diagnosis  of  either  copper  deficiency  or  chronic  or  sla  ute 

astlrror"®-  the  statements  mide  in  the 

ast  three  paragraphs  are  given  in  Table  2. 


“  8°6.t9  a^r’  th'oi.  Ckem. 

"  a9«i  Council  Sci.  Ind.  Research  Bull.  147 

”  M  f  37,  337  (1947). 

M.  0.  Schultze,  C.  A.  Elvehiem  and  F  R  w  4  r  r,-  , 

”  I.  J.  Cunningham  New  Zellon'd  t  ^  (>936)- 

H.  R.  Marston,  H.’j  Lee  at  I  W  Mpn  IT'', 

C.  W.  Lindow,  W.  H.  Peterson  and  ^ 

-  I.  3.  Cunningham,  iVe.  Zeaiu’ud  .. 
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TABLE  2 

The  Influence  of  Age  and  Copper  Intake  upon  the  Concentration  of  Copper 

IN  THE  Liver* 

(Parts  per  million  on  the  dry  basis) 


Species 


Rat 

Rat 

Rat 

Rat 

Rat 

Rat 

Rat 

Rabbit 

Rabbit 

Rabbit 

Rabbit 

Guinea  pig 

Guinea  pig 

Guinea  pig 

Guinea  pig 

Pig 

Pig 

Man 

Man 

Man 

Sheep 

Sheep 

Sheep 

Sheep 

Sheep 

Sheep 

Cattle 

Cattle 

Cattle 

Cattle 

Cattle 

Cattle 


Age  and  Treatment 

Copper 

concentra¬ 

tion 

Mature;  normal  diet 

11 

Mature;  stock  diet  plus  copper 

213 

Young;  Cu-deficient  diet 

3 

Newborn;  normal  diet 

58 

3  weeks  old;  normal  diet 

20 

2  months  old;  normal  diet 

9 

Mature;  normal  diet 

34  , 

Newborn;  normal  diet 

37  , 

3  weeks  old;  normal  diet 

12  1 

2  months  old;  normal  diet 

24 

Mature;  normal  diet 

23 

Newborn;  normal  diet 

67 

3  weeks  old;  normal  diet 

21 

2  months  old;  normal  diet 

19 

Mature;  normal  diet 

23 

Newborn;  normal  diet 

Adult;  normal  diet 

1 

230  ' 

Newborn  (0-7  weeks);  normal  diet 

Adult;  normal  diet 

22 

Adult;  normal  diet 

35 

Newborn;  normal  diet 

168 

3  months  old;  normal  diet 

284 

Mature  (aged) ;  normal  diet 

599 

13 

16 

Newborn;  Cu-deficient  diet 

3  months  old;  Cu-deficient  diet 

Mature  (aged) ;  Cu-deficient  diet 

27 

381 

67 

200 

55t 

16 

11 

Newborn;  normal  diet 

Yearlings;  normal  diet 

Adult  cows;  normal  diet 

Newborn;  Cu-deficient  diet 

9-12  months  old;  Cu-deficient  diet 

Adult  cows;  Cu-deficient  diet 

Reference 


24 

24 
21 

25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 


25a 

12 

25a 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 

22 


*  A  selection  of  data  from  the  literature  are 

westen,  Austrana  ro.  Cu-deOc.at 


calves. 


I  <2  ■p  9mith  J  Nutrition  33,  143  (1947). 

»  E.  J.  Lorenzen  and  |  E.  33,  1845  (1939). 

250  S.  Bruckmann  and  S.  C.  Z-oncieK,  diuv 
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2.  Copper  in  Blood 

The  blood  is  a  formidable  rival  to  the  liver  as  a  subject  for  investigation 
of  the  physiology  of  copper.  The  normal  range  of  concentration  of  copper 
in  whole  blood,  serum,  and  plasma  has  been  determined  for  many  species, 
and  the  main  factors  influencing  this  concentration  have  been  delineated. 
Less  is  known  about  the  forms  in  which  copper  exists  in  blood.  Most,  if  not 
all,  appears  to  be  in  a  non-dialyzable  form  combined  with  protein,  but  the 
protein  fraction  or  fractions  with  which  it  is  combined  remain  to  be  deter¬ 
mined.  Keiderling26  provides  some  evidence  that  it  occurs  as  a  /3-globulin 
compound,  and  Mann  and  Keilin^^  have  isolated  a  copper-protein  com¬ 
pound,  hemocuprein,  from  the  red  cells  of  cattle.  Hemocuprein  is  a  bluish 
pigment  containing  0.34%  Cu  in  the  cupric  form.  It  has  a  molecular  weight 
of  35,000  and  two  copper  atoms  per  protein  molecule.”  Its  function  is 
unknown. 

In  man, 28.  29  sheep,  and  cattle, 28. 8®  the  evidence  now  seems  conclusive 
that  copper  is  normally  equally  divided  between  cells  and  plasma.  This  is 
fortunate  because  it  means  that  in  these  species  values  for  whole  blood  or 
foi  serum  or  plasma  can  be  directly  compared — they  should  in  fact  be 
identical  for  any  particular  blood.  This  statement  needs  some  qualification, 
because  it  is  not  yet  known  whether  the  cojiper  concentrations  in  cells  and 
plasma  are  equally  influenced  by  those  factors  which  affect  the  copper 
content  of  whole  blood.  There  is  already  e\fldence,  to  be  discussed  later, 
that  in  human  pregnancy  the  copper  content  of  the  red  cells  remains 
normal,  whereas  that  of  the  serum  rises  markedly. 29  It  should  be  noted 

also  that  m  birds  there  is  a  striking  concentration  of  copper  in  the  nu¬ 
cleated  red  blood  cells.^^ 

Tlie  normal  range  of  concentration  of  copper  in  the  l.lood  of  healthy 
animals  IS  wide  but  very  similar  in  all  mammalian  species  studied  (see 
Table  3)  1^0  only  are  there  considerable  variations  from  individual  to 
ndividual,  but  the  same  animal  is  subject  to  significant  diurnal  aiul  day-to- 
ay  fluctuations  or  no  known  reasons.  The.se  normal  levels  are,  however 
markedly  reduced  by  a  low  copper  diet.  Subnormal  blood  copper  concen- 
tiations  have  been  demonstrated  in  rats  and  pigs  sulTering  fi"m  experl 

27  Klin.  Wochschr.  28,  460  (1950) 

Z  J'  -Soc.  (London)  B126  303  (19381 

S.  L.  Tompsett,  Biochem.  J.  28,  1544  (1934).  ^ 

2®  H.  Rottger,  Arch.  Gyruikol.  177,  650  (1950). 

O.  Warbutglifd  H.  A.Tr"  62,  301  (1939). 

bash,  and  L.  E.  Shenn  J  ^Infeltiou  B  '  ^^^^7);  A.  Locke,  D.  D.  Ro- 

)  infectious  Diseases  51,  54  (1934) 
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TABLE  3 

The  Copper  Content  of  the  Blood  of  Different  Species 
(Microgram  per  milliliter  of  whole  blood*  or  serumf) 


Species 


Man 

Man 

Man 

Man 

Man 

Man 

Man 

Sheep 

Sheep 

Sheep 

Cow 

Cow 

Cow 

Sheep 

Sheep 

Pig 

Pig 

Guinea  pig 


Treatment 

Copper  concentration 

Mean  j 

Range 

Healthy,  mature 

Healthy,  mature 

1.14* 

i.oet 

0.70-1.40t 

Healthy,  female 

1.23  ±  O.iet 

— 

Healthy,  male 

1.10  ±  0.12t 

— 

Pregnant,  at  delivery 

2.69  ±  0.49t 

— 

Healthy,  female 

i.oot 

— 

Late  pregnancy 

2.80t 

Healthy,  mature 

— 

0. 8-2.0* 

Healthy,  mature 

— 

0.4-1. 6* 

Healthy,  mature 

0.91* 

Healthy,  mature 

— 

0.7-1. 7* 

Healthy,  mature 

0.93* 

' 

Copper  deficient 

0.53* 

Copper  deficient 

0.47* 

■ 

Copper  deficient 

— 

0. 1-0.5* 

Healthy,  mature 

— 

1 .6-1 .8* 
1.5-1. 7* 

Healthy,  young 

Healthy,  mature 

0.70* 

0. 4-1.1* 

Reference 


31a 

311) 

31c 

31e 

Zld 

29 

29 

31« 

31/ 

22 

31/ 

22 

22 

22 

19 

31a 

32 

33 


mental  milk  anemia,”  in  prolonged  anemia  of  children,”  and  m  sheep  and 

cattle  grazing  on  copper-deficient  pastures.”' ^  ■  Va  nes  as  on  as  . 

and  0  2  M.  Cu  per  milliliter  of  blood  have  been  reported  in  sheep  and  cattle 
under  such  conditions.  Normal  hematopoiesis  cannot  be  sustained  at  these 
oTlevels  and  anemia  inevitably  ensues  if  such  low  levels  are  mamta  ned 
o^r^gth  of  time.  The  quantity  0.2  .g.  Cu  per  milliliter  has  also  been 
suggest  as  the  minimal  level  at  which  normal  hematopoiesis  can  ? 
in  tL  pig.”  On  the  other  hand,  the  addition  of  copper  to  diets  already 

...  R.  A.  Kehoe,  I.  Cholak,  and  R. 

T/inO  1  Q4rl  , 

31c  A  L  Nielsen,  Acta  Med.  Scand.  118,  87  (1^44). 

ic.  r.. ..  te. 

B.'’Llk,  Australian  “j  clm’  lie.  107  (1936). 

33  M.  0.  Schultze,  C.  A.  Elvehjem,  and  E.  B.  Hart,  J.  n 

33  A.  B.  Beck,  unpublished  data  (1951).  by  M. 

34  E.  Lesn4  and  S.  B.  Briskas,  Acta  Paedtat.  22.  123 

O.  Schultze,  Physiol.  Revs.  20,  37 
..  H.  R.  Marston  and  H.  J.  Lee,  /.  Agr-  f  • 

>•  A.  Eden,  J.  Comp.  Pathol.  Therap.  62.  429  (1939). 
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supplied  with  this  element  does  not  necessarily  result  in  consistently  higher 
blood  copper  levels.  Massive  doses  or  injections,  however,  may  produce 
significant  but  transitory  increases.^^-  Blood  copper  values  do  not  there¬ 
fore  provide  quite  as  satisfactory  an  indication  of  the  coppei  status  of  ani¬ 
mals  as  do  liver  coppers.  It  is  probable  that  the  liver  copper  stores  have  a 
buffering  effect  on  the  blood  copper  levels.  Nevertheless,  blood  copper 
determinations  give  extremely  valuable  supplementary  information  and 
have,  of  course,  the  distinct  advantage  of  ready  accessibility  from  the 
living  animal. 

E\ddence  of  the  effect  of  anemia  resulting  from  severe  hemorrhage  on  the 
copper  content  of  blood  is  conflicting,  even  in  the  same  species.  Some 
workers  have  reported  falls,  whereas  others  have  reported  substantial  rises. 
In  the  sheep  Dick®^  could  detect  no  change,  even  after  the  loss  of  large 
volumes  of  blood  resulting  in  a  fairly  severe  anemia. 

Many  workers  have  shown  that  the  serum  copper  of  women  rises  signifi¬ 
cantly  during  pregnancy  and  falls  rapidly  to  normal  levels  after  parturition. 
Nielseid^*"'  studied  31  pregnant  women  and  found  that  the  serum  copper 
usually  began  to  increase  from  the  third  month  of  pregnancy.  At  delivery 
the  average  level  in  these  women  was  2.69  d=  0.48  ^ig.  Cu  per  milliliter  of 
serum,  compared  with  the  normal  non-pregnant  level  for  women  which  is 
given  by  this  worker  as  1.23  ±  0.16  ng.  Cu  per  milliliter  of  serum. 

Blood  taken  from  the  umbilical  cord  of  20  infants  gave  the  very  much 
lower  average  figure  of  0.56  /xg.  Cu  per  milliliter.  These  findings  have  re¬ 
cently  been  confirmed  and  extended  by  Rottger,^®  who  found  the  serum 
copper  of  women  to  rise  in  pregnancy  from  1.00  fig.  to  2.80  fig.  per  mil¬ 
liliter.  The  concentration  in  the  red  cells  of  these  women,  however,  remained 
constant  throughout  pregnancy  at  the  normal  level  of  1.00  fig.  The  con¬ 
centration  of  copper  in  the  red  cells  of  newborn  infants  was  found  to  be  very 
similar  to  that  of  the  mother,  namely  1.20  fig.  Cu  per  milliliter,  but,  as  in 
Nielsen’s  studies,  the  serum  copper  of  the  infants  was  markedly  lower  (0.54 
Mg-)-  really  satisfactory  explanation  of  these  changes  has  yet  been  put 
forward,  although  it  has  been  suggested^^  that  the  high  blood  coppers  of 
pregnancy  have  the  function  of  a  hemopoietic  stimulus  related  to  the 
physiological  anemia  of  pregnancy  in  women.  This  problem  deserves  much 
turther  study  m  other  species,  especially  as  it  has  been  established  that  in 
the  normal  healthy  sheep  there  are  no  changes  in  the  copper  content  of 
whole  blood  characteristic  of  pregnancy. 39. 4o  The  fetal  blood  of  the  lamb 

oVh  lower  in  copper  than  the  blood 

ts  mother  but  there  is  a  rapid  post-partum  rise  to  higher  values  in  the 

-  A  Lhs'v  17.  271  (1939). 

A--  ^27  (1935). 

E.  I.  McDougall,  J.  Agr.  Sci.  37,  329  (1947). 
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first  1  to  2  weeks  of  life,  which  fall  again  within  about  10  weeks  to  levels 
very  similar  to  that  of  ewes.^° 


3.  Copper  in  Milk 


A  considerable  number  of  highly  variable  values  for  the  copper  content 
of  milk,  particularly  cow’s  milk,  exists  in  the  literature.  Without  doulit 
some  of  this  variability  is  due  to  the  different  methods  of  analysis  employed, 
hut  it  is  also  due  to  the  differeiit  stages  of  lactation  at  which  the  samples 
have  been  taken.  The  importan(*e  of  this  latter  point  is  either  insufficiently 
realized  by  most  investigators  or  not  appreciated  at  all.  The  copper  content 
of  milk  is  influenced  by  (1)  the  species,  (2)  the  stage  of  lactation,  and  (3)  the 
level  of  copper  intake.  There  is  also  considerable  individual  variation. 
This,  of  course,  refers  to  milk  taken  directly  from  the  animal.  Treatment 
after  milking,  e.g.,  pasteurizing,  (hying,  or  holding  in  metal  containers, 
usually  results  in  a  variable  and  often  substantial  contamination  with 


copper.^^ 

Certain  species  differences  unquestionably  exist  but  more  data  aie 
needed,  in  which  factors  (1)  and  (2)  above  are  strictly  controlled,  before 
this  point  can  be  clearly  and  generally  established.  Rat’s  milk  appears  to 
be  very  much  richer  in  copper  than  that  of  any  other  species  so  fai  ex¬ 
amined.  Cox  and  Mueller^^  obtained  the  extremely  high  value  of  7  mg. 
Cu  per  liter  for  pooled  samples  of  rat’s  milk  taken  from  four  different  stages 
of  lactation,  compared  with  0.6  mg.  for  cow’s  milk  and  a  quoted  figuie  of 
0.5  mg.  for  human  n&ilk.  It  appears  also  that  human  milk  is  slightly  richei  , 
in  copper  than  either  cow’s,  ewe’s,  goat’s,  or  mare’s  milk  at  similar  stages 
of  lactation.'*®'  Significant  differences  in  the  copper  content  of  the  milk 
of  these  latter  species  have  not  yet  been  established,  and  it  is  doubtful 

if  they  exist. 

In  all  species  studied  colostrum  is  several  times  richer  m  copper  than  is 
normal  milk.  Also,  in  the  early  stages  of  lactation  the  copper  conten  o 
the  normal  milk  of  cows,  ewes,  and  women  is  significantly  f 

is  in  the  later  stages  of  lactation.  There  is  suggestive,  but  not  ' 

deuce  that  a  similar  fall  during  lactation  occurs  in  the  milk  of  the  go  ^ 
and  the  mare.  Be,.k«  found  the  milk  of  normal  ewes 
from  0  20  to  0  64  mg.  Cu  per  liter  in  eaily  lactation  to  .0 
se^rl!  months  later.’^Similar  falls  were  observed  in  the  mil  of  some  ejm. 
but  not  in  others.  Most  of  the  values  lay  between  0.0.)  and  O.-O  g. 

..  W.  L.  Davies.  The  Chemistry  of  Milk,  Ch-apman  ami  Hall,  London,  1936,  p.  224. 

«  W.  J.  Cox  and  A.  J.  Mueller,  J.  Nutrition  13.  249  1937)_ 

•)  A.  B.  Beck,  Australian  J.  Expll.  Btol.  Med.  Set.  19,  (  >■  ^ 

..  E.  Lesn4,  P.  Zi.ind,  and  S.  B.  Briskas,  Rao.  y'*'’!' JeJi  Xo6W 

..  A.  Brock  and  L.  K.  Wolff,  Acta  Brevia.  Ned.  and  Phystol.  Pharmacol. 

6,  80  (1935). 
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worker  also  fouiitl  the  milk  of  women  to  fall  steadily  from  0.02  to  0.89 
mg.  Cu  per  liter  in  the  first  few  weeks  of  lactation  to  0.15  to  0.17  mg.  six 
to^seven  months  later. Lesne  and  coworkers'*^  studied  the  milk  of  five 
women  and  found  a  fail  in  copper  content  during  the  lactation  period  in 
each  case  but  the  figures  were  somewhat  higher  throughout  than  those  of 
Beck.  In  four  of  these  women  the  values  fell  from  1.05  to  0.80  mg.  Cu  per 
per  liter  in  the  first  few  weeks  to  0.60  to  0.26  mg.  at  the  end  of  lactation. 
In  the  fifth  woman  the  “true”  milk  fell  only  from  1.07  to  0.90  mg.  Cu  per 
liter  at  the  end  of  lactation.  These  workers  make  the  further  claim  that 
there  is  a  seasonal  variation  in  the  copper  content  of  cow’s  and  goat’s 
milk  related  to  the  type  of  diet  consumed. 

From  the  limited  evidence  available  it  ajipears  that  the  copper  content 
of  milk  cannot  be  raised  above  normal  levels  by  adding  copper  to  diets 
already  adeciuately  supplied  with  this  element. This  contrasts  with  the 
position  with  manganese  and  zinc.  Under  conditions  of  deficient  copper 
intake,  however,  both  ewes  and  cows  i)roduce  milk  much  below  normal  in 
copper  content.  Beck^*  found  the  milk  of  ewes  and  cows  grazing  on  pastures 
acutely  deficient  in  copper  (1  to  3  p.p.m.  Cu  on  dry  matter)  to  fall  as  low 
as  0.01  to  0.02  mg.  Cu  per  liter.  In  all  cases  the  concentration  of  copper  in 
the  blood  was  found  to  be  higher  than  that  in  the  milk.  This,  again,  is  in 
contrast  to  the  position  with  manganese,  zinc,  and  most  other  minerals. 


4.  Copper  in  Relation  To  Blood  Formation 


Ihe  classical  work  of  Hart  and  his  associates  at  Wisconsin  on  nutri¬ 
tional  anemia  produced  by  exclusive  feeding  of  milk  established  beyond 
doubt  that  copper,  in  addition  to  iron,  is  necessary  for  blood  formation  in 
the  rat.  As  little  as  5  ng.  Cu  per  day  was  found  sufficient  to  initiate  and 
maintain  a  steady  formation  of  hemoglobin  and  erythrocytes.  This  finding 
vas  subsequently  confirmed  in  many  laboratories,  and  claims  were  made 
that  other  elements  were  similarly  effective.  The  development  of  the  work 
on  milk  anemia  and  the  validity  of  these  claims  have  been  fully  discussed 
by  Elvehjem.^  At  present  it  can  be  stated  unequivocally  that  the  only 
metallic  elements  with  any  direct  effect  on  the  formation  of  hemoglobin 

and  erythrocytes  are  iron,  copper,  and  colialt.  In  milk  anemia  cobalt  is  not 
involved.^® 

1  he  hematopoietic  effect  of  copper  has  been  demonstrated  for  all  species 
so  far  studied.  These  include  rats,  rabbits,  chickens,  pigs,  dogs,  sheep,  goats, 
cattle,  and  man.  1  he  mechanism  of  this  hematopoietic  effect  is  not  yet 


A.  B.  Beck,  unpublished  data. 

«  W  Liebscher,  Proc.  lllh  World's  Dairy  Congress,  Berlin  1  130  a937V  R  tt 

•.  C  ITlir  pU  w  y-  <  p  87  (1937”- 

o.  A.  Elvehjem,  P/i?/stoh  J^eys.  16,  471  (1935).  ^  ^  v  O- 

E.  J.  Underwood  and  C.  A.  Elvehjem,  J.  Biol.  Chem.  124,  419  (1938). 
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fully  understood,  although  certain  important  facts  are  well  established. 
First,  copper  is  definitely  not  a  constituent  of  the  hemoglobin  molecule, 
nor  does  it  appear  to  be  a  necessary  component  of  the  structural  material 
of  the  circulating  erythrocytes.  Second,  copper  is  not  necessary  for  the 
absorption  and  storage  of  iron  in  tissues,  but  it  does  facilitate,  or  is  es¬ 
sential  for,  the  utilization  of  iron  by  the  blood-forming  organs  and  for  the 
mobilization  of  iron  from  the  tissues.  The  entrance  of  therapeutic  copper 
into  the  bone  marrow  of  copper-deficient  rats,  in  amounts  too  small  to 
be  detected  by  present  chemical  methods,  has  been  demonstrated  by  the 
use  of  radioactive  copper.^°  The  stage  of  eiythrogenesis  at  which  copper 
exerts  its  action  and  the  question  as  to  whether  copper  is  necessary  for  the 
formation  of  red  cells  only  and  not  for  the  production  of  hemoglobin  cannot 
yet  be  answered.  Answers  to  these  questions  are  most  likely  to  come  from 
detailed  histological  studies  of  the  bone  marrow  correlated  with  chemical 
investigations  of  the  blood  carried  out  at  varying  copper  intakes.  Of  value  in 
this  connection  is  the  nature  of  the  anemia  which  occurs  as  a  result  of  un¬ 
complicated  copper  deficiency.  In  the  rat  and  the  rabbit  this  is  of  the  hypo¬ 
chromic,  microcytic  type,^^  whereas  in  the  pig  it  appears  to  be  of  the  hypo¬ 
chromic,  normocytic  type.®^  The  position  in  sheep  and  cattle  is  not  yet 
clearly  established,  although  the  anemia  is  certainly  hypochromic  and  prob¬ 
ably  slightly  macrocytic.  These  findings,  together  with  the  fact  that  some 
reticulocyte  response  occurs  in  milk  anemia  on  feeding  coppei  alone  (but 
not  iron  alone),  imply  that  copper  acts  as  a  catalyst  both  for  the  incor¬ 
poration  of  iron  into  hemoglobin  and  for  etythi  opoiesis  and  is  not  restricted 
.specifically  to  either  function. 


5.  Copper,  in  Relation  to  Cell  Respiration 

In  addition  to  its  influence  on  blood  formation  copper  has  been  shown  U 
be  concerned  in  many  other  functions  within  the  body.  A  number  of  oxi 
dases  which  play  a  part  in  the  oxidation-reduction  processes  of  the  cell 
are  known  to  be  copper-protein  compounds.  These  include  the  polypheno 
oxidases  of  mushrooms  and  potatoes  and  ascorbic  acid  oxidase  Cyto¬ 
chrome  oxidase  is  also  usually  considered  a  copper  compound,  although 
this  is  not  certain.”  It  is  generally  believed  that  the  copper  ion  is  the  re¬ 
versibly  attached  prosthetic  group  of  the  enzyme  whose  actmty  is  asso¬ 
ciated  with  a  valency  change  of  the  copper.  An  adequate  intake  of  coppei 
has  been  shown  to  be  essential  for  the  formation  and  maintenance  o  normal 
cytochrome  oxidase  and  catalase  activity  of  certain  tissues  m  the  rat. 

::  S  1^1:727  (IMO,;  ISS,  dOtl,. 
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The  cytochrome  oxidase  activity  of  liver,  heart,  and  bone  marrow  is  greatly 
reduced  under  conditions  of  copper  deficiency The  catalase  activity  of 
liver  and  kidney  is  also  decreased,  but  that  of  the  heart  is  increased.®^ 
On  the  other  hand,  Marston  and  his  colleagues^®  could  find  no  such  de¬ 
crease  in  the  cytochrome  oxidase  status  of  the  tissues  of  copper  deficient 
sheep.  Much  further  study  of  this  type  is  needed  for  the  larger  animals, 
particularly  in  relation  to  the  naturally  occurring  copper-deficiency  diseases 
of  sheep  and  cattle.  Only  in  this  way  does  it  seem  likely  that  the  different 
functional  disturbances  which  occur  in  these  animals,  in  addition  to  anemia, 
will  be  explained. 


6.  Copper  Deficiency  in  Sheep  and  Cattle 


Copper-deficiency  diseases  of  grazing  sheep  and  cattle  have  been  shown 
to  occur  in  various  parts  of  the  world.  The  history  of  their  discovery  and 
details  of  the  conditions  under  which  they  occur  have  been  given  in  detail 
by  Russell®®  up  to  1944  and  will  not  be  presented  here.  In  general,  three 
main  lines  of  e\’idence  have  served  to  establish  copper  deficiency  as  the 
cause  of  the  maladies:  (1)  sheep  and  cattle  fail  to  thrive  in  certain  areas, 
and  anemia  and  specific  symptoms  of  disease  occur,  all  of  which  are  over¬ 
come  by  copper  supplements;  (2)  the  liver  and  blood  of  affected  stock  con¬ 
tain  subnormal  amounts  of  copper;  and  (3)  the  herbage  on  which  the 
stock  graze,  and  in  most  cases  the  soils  on  which  the  herbage  grows,  contain 
subnormal  amounts  of  copper. 

In  the  “coast  disease”  of  sheep  in  southern  Australia  and  in  “saltsick” 
of  cattle  in  Florida  the  position  is  complicated  by  the  existence  of  severe 
cobalt  deficiency  in  the  same  areas.  Administration  of  cobalt  alone  in  these 


cases  results  in  the  onset  of  symptoms  of  uncomplicated  copper  deficiency  .®7 
“Swayback,”  the  name  given  to  a  demyelinating  disease  of  lambs  which 
occurs  in  certain  restricted  areas  of  Great  Britain,  can  be  prevented  by 
feeding  copper  to  the  pregnant  ewes  and  is  associated  with  a  subnormal 
copper  status  of  the  blood  and  livers  of  both  the  lambs  and  their  mothers. 
It  can  hardly  be  a  simple  copper  deficiency,  however,  because  the  affected 
pastures  contain  normal  amounts  of  copper.  Apparently,  abnormal  amounts 
of  some  other  element  or  elements  in  the  herbage  inhibit  the  absorption  of 
copper  On  the  other  hand,  the  similar  disease,  enzootic  ataxia,  of  lambs 
m  Australia  is  established  as  an  uncomplicated  copper  deficiency. 
of  marked  differences  between  sheep  and  cattle  in  the  symptoms 

pper  deficiency,  and  both  these  species  exhibit  metabolic  disturbances 
which  have  not  so  far  been  reported  in  copper  deficiency  of  laborl!;  anb 
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mals  or  man.  Anemia  appears  to  be  a  common  occurrence  in  all  species 
but  it  is  not  necessarily  a  dominant  factor  in  the  disease  conditions  of 
sheep  and  cattle.  Apparently  the  very  low  blood  copper  levels  which 
develop  under  these  conditions  limit  blood  formation,  as  in  milk  anemia  of 
the  rat  and  the  pig,  but  in  sheep  and  cattle  other  body  processes  may  be 
more  seriously  affected.  For  instance,  lesions  in  the  wool  and  depigmenta¬ 
tion  are  the  first  and  most  sensitive  indications  of  copper  deficiency  in  the 
sheep.  They  occur  when  no  other  symptoms  are  evident.  Under  conditions 
of  acute  copper  deficiency  the  liver  copper  reserves  and  the  blood  copper 
levels  of  pregnant  ewes  become  so  seriously  lowered  that,  in  addition  to 
loss  of  physical  condition  and  moderate  to  severe  anemia  in  late  pregnancy, 
the  developing  embryo  is  affected  by  gross  lesions  (demyelination)  of  the 
central  nervous  system.  Ths  lamb  is  usually  either  born  dead  or  affected 
with  ataxia  of  the  hind  limbs.  IMyelin  formation  is  apparently  not  affected 
by  similar  conditions  in  the  pregnant  cow,  since  ataxia  has  never  been 
found  in  the  newborn  of  this  species,  even  when  grazing  on  the  most  severely 


copper-deficient  pastures  known.  On  the  other  hand,  Bennetts  and  co- 
workers^®  have  reported  the  occurrence,  in  cattle  grazing  such  pastures 
(which  contain  only  1  to  3  p.p.m.  Cu  on  the  dry  basis),  of  a  peculiar  disease 
known  locally  as  “falling  disease.”  The  sudden  deaths  which  characterize 
this  disease  have  been  shown  to  be  the  terminal  manifestation  of  severe 
and  uncomplicated  copper  deficiency  in  which  the  primaiy  lesion  is  starva¬ 
tion  atrophy  of  the  myocardium  with  replacement  fibrosis.  Anemia  is 
rarely  severe  in  this  condition  and  usually  only  seasonal  in  occurrence. 
Further  evidence  of  species  differences  is  given  by  the  frequent  occurrence 
in  many  parts  of  the  world  of  diarrhea  or  “scours”  in  cattle  grazing  copper- 
deficient  pastures.’-!'  eo  Scouring  is  not  a  regular  symptom  in  sheep  grazing 

such  pastures.  i  ^  i 

The  minimum  copper  reciuirements  of  sheep  and  cattle  cannot  be  stated 

with  great  accuracy,  although  pastures  containing  b  to  8  p.p.m.  on  the 
dry  basis  are  generally  considered  to  be  adequate  for  satisfactory  growtli 
health  and  reproduction.  For  normal  keratinization  of  the  wool  of  sheep  and 
for  the.  maintenance  of  liver  copper  reserves  somewhat  higher  leve  s  have 
been  suggested.^^  Marston  and  co-workers^'  suggest  that  a  total  intake  of 
10  mg  Cu  per  day  is  essential  for  the  wool  sheep,  judging  from  the  results 
of  long-term  ex-periments  in  which  the  effects  were  compared  of  1  mg.,  o 
mg  and  10  mg.  per  day  as  copper  sulfate  administered  thrice  weekly  as  a 

Tench  to  sheep  grazing  on  .lefioient  pastures.  These  P-f'- ™  ^ 
lated  to  supply  about  2  mg.  Cu  daily,  but  it  should  be  noted  that  the>  al 

69  H.  W.  Bennetts  et  ah,  Australian  Vet.  J.  16,  152  (1939);  17,  85  (1941),  18,  50 
(1942);24,  237  (1948). 

69  B.  Sjollema,  Biochem.  Z.  267,  151  (1933). 
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contained  above  normal  levels  of  molybdenum,  which  could  raise  the  copper 
requirement. 

7.  Copper  in  Relation  to  the  Growth  and  Pigmentation  of  Hair 

AND  Wool 

Copper  deficiency  in  the  rat,  the  cat  and  the  rabbit  leads  to  achromo- 
trichia,  in  addition  to  anemia.  In  the  cat  and  the  rabbit  alopecia  also  occurs, 
and  dermatosis  has  been  reported  in  the  rabbit.®^  The  syndrome  ol  achromo- 
trichia,  alopecia,  and  dermatosis,  according  to  Smith  and  Ellis,®^  is  a  more 
sensitive  indication  of  copper  deficiency  in  the  rabbit  than  is  anemia.  An 
adequate  provision  of  copper  is  also  necessaiy  for  normal  pigmentation 
in  black-wooled  sheep,®^  and  the  level  of  copper  intake,  up  to  certain  optimal 
values,  profoundly  influences  the  quantity  and  particularly  the  cpiality  of 
wool  grown. The  wool  lesion  is  the  first  symptom  of  copper  deficiency  to 
appear  in  this  animal  and  is,  as  pointed  out  earlier,  the  most  specific  and 
sensitive  index  of  copper  deficiency  known. 

The  most  obvious  change  in  the  character  of  the  wool  ])ro(.luced  by 
copper-deficient  sheep  is  loss  of  the  characteristic  crimp.  This  effect  is 
much  more  noticeable  in  the  Merino  than  in  the  British  breeds,  which  do 
not  normally  produce  wool  with  a  marked  crimp.  The  crimp  becomes  pro¬ 
gressively  less  distinct  as  the  animal’s  reserves  of  copper  are  used  up, 
changing  from  normally  crimped  wool  to  straight,  “stringy”  or  “steely” 
wool.  A  spectacular  restoration  of  the  crimp  occurs  when  copper  supple¬ 
ments  are  given.  Further,  the  physical  properties  of  the  wool  of  copper- 
deficient  sheep  differ  markedly  from  those  of  normal  wool.  The  tensile 
strength  is  less  and  the  elastic  properties  abnormal.®^ 

I  ossible  mechanisms  involved  in  these  profound  changes  have  been 
veil  discussed  by  Marston,®®  who  presents  interesting  evidence  implicating 
coppei  in  the  keiatinization  process.  Purified  keratin  from  copper-deficient 
wool  has  been  shown  by  this  worker  to  be  significantly  lower  (10  to  15%) 
m  cystine  than  keratin  similarly  prepared  from  normal  wool.  The  acid- 
combming  power  of  the  deficient  keratin  is  also  reduced.  Aiiparently  the 
chemical  mechanisms  involved  in  the  production  of  normally  keratinized 
wool,  particularly  the  conversion  of  prekeratin  to  keratin,  are  dependent 
upon  adequate  concentrations  of  copper-containing  catalysts,  but  this  has 
ye  to  be  established.  In  regard  to  pigmentation  it  should  be  mentioned 

that  tyrosinase,  the  enzyme  thought  to  be  concerned  in  melanin  formation 
IS  a  copper  proteinate.®®  ’ 


F.  J.  Gorter,  Z.  Vitaminforsch.  4,  277  (1935);  S.  E  Smith 
Biochem.  15,  81  (1947). 
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8.  Copper  in  the  Nutrition  of  Man 


The  value  of  copper  supplements,  with  and  without  iron,  in  the  treat¬ 
ment  of  anemias  of  infancy  and  of  secondary  anemias  of  adults  has  been 
extensively  studied  with  results  which  are  far  from  uniform.  This  is  hardly 
surprising  in  view  of  the  difficulties  with  humans  of  controlling  such  factors 
as  previous  dietary  histoiy,  extent  of  tissue  storage,  and  contamination  of 
food  and  medicaments.  Several  investigators  have  found  iron  alone  to  be 
just  as  effective  as  iron  and  copper.  A  few  cases  have  been  reported  in  which 
copper  therapy  has  been  successful  when  iron  therapy  has  failed,  and  a 
number  of  workers  have  found  that  iron  and  copper  together  give  results 
in  the  treatment  of  nutritional  anemia  of  infants  superior  to  those  of  iron 
alone.  A  great  deal  of  the  literature  dealing  with  this  subject  has  been  re¬ 
viewed  by  Hutchinson,®^  who  reports  results  of  his  own,  demonstrating 
the  value  of  copper  in  addition  to  iron.  One  of  the  most  striking  demon¬ 
strations  of  the  value  of  copper  is  that  of  Usher  ct  who  found  that  1  to 
2  mg.  Cu  per  day  as  a  supplement  to  iron  was  markedly  superior  to  iron 
only  in  producing  and  maintaining  hemoglobin  levels  in  a  prophylactic 
experiment  with  a  large  group  of  infants.  A  number  of  investigators®® 
have  also  shown  that  many  cases  of  chronic  idiopathic  anemia  of  adults, 
refractory  to  iron,  respond  to  copper  therapy.  It  is  clear  that  copper  is 
necessary  for  blood  formation  in  man,  as  in  animals,  although  copper 
therapy  is  not  always  necessary  in  the  treatment  of  human  nutritional 
anemias.  Nevertheless,  the  number  of  cases  in  which  copper  has  been 
found  necessary  for  maximum  response  are  so  numerous  that  it  would 
seem  wise  to  include  some  copper  in  all  iron  prescriptions,  at  least  for  the 

anemias  of  infancy  and  childhood.  « 

The  minimum  copper  requirements  of  the  human  adult  are  not  known 
but  they  appear  to  be  lower,  per  unit  of  body  weight,  than  those  of  sheep 
or  cattle.  Acute  copper  deficiency  must  be  very  rare  m  humans  and  has 
never  been  demonstrated.  Attempts  to  determine  requirements  by  means 
of  balance  experiments  have  given  extremely  variable  results.  Tompsett^s 
work  indicates  a  minimum  requirement  as  low  as  0.6  mg.  Cu  daily, 
whereas  De’s  work  indicates  2.0  mg.®^  Estimates  of  the  avemge  daily  in¬ 
takes  of  copper  from  ordinary  diets  also  vary  greatly,  lompsett  an 
others^®  -  ®®  give  values  of  1.5  to  2.6  mg.  Cu  for  adults.  On  the  other  hand. 


J.  H.  Hutchinson,  Quart.  J.  Med.  [N .  <S.]  7,  397  (1938). 

*5  S.  J.  Usher,  P.  N.  MacDermott,  and  E.  Lozinski,  Am.  J.  Dtseases 

18,  642  (1935). 

««  E.  S.  Mills,  Am.  J.  Med.  Sci.  182,  554  (1931). 

87  H  N.  De,  Indian  J.  Med.  Research  37,  301  (1949). 
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De®^  found  the  mean  daily  intake  of  a  group  of  Indian  male  adults  to  be 
4.5  mg.  Cu  on  rice  diets  and  5.8  mg.  Cu  on  wheat  diets.  Growing  children 
have  been  estimated  to  retain  0.06  to  0.10  mg.  Cu  per  kilogram  body  weight, 
indicating  a  minimum  requirement  of  1.2  to  2.0  mg.  Cu  daily  for  an  average 
4  to  6-year-old  boy  weighing  20  kg.®^  This  amount  would  not  always  be 
easy  to  obtain  from  ordinary  diets,®®®  at  the  level  of  consumption  usual  for 
such  children,  unless  the  estimates  of  normal  adult  intakes  made  by  Tomp- 
sett  and  others  are  too  low. 

Estimates  of  requirements  based  upon  balance  experiments  are  hazardous 
with  all  the  trace  elements,  because  the  amounts  retained  by  the  body  nor¬ 
mally  represent  such  a  small  fraction  of  the  amounts  ingested  that  they 


fall  within  the  experimental  error  of  the  chemical  estimations  involved. 
This  is  certainly  true  of  copper  and  is  a  factor  which  has  to  be  considered 
in  addition  to  those  inherent  in  all  balance  studies  with  minerals,  namely, 
the  influence  of  variable  body  stores  of  the  element,  and  the  difficulty,  in 
fact  the  impossibility,  of  determining  what  proportion  of  the  fecal  excretion 
has  passed  through  the  tract  unabsorbed  and  what  proportion  has  been 
absorbed  and  subsequently  excreted  \da  the  bile  or  other  secretions  or 
through  the  intestinal  wall.  There  is  evidence  that  the  bile  is  an  important 
path  of  excretion  for  copper  and  that  urinary  excretion  is  extremely  small 
m  all  animal  species  studied.  In  the  human  species  the  amount  of  copper 
excreted  in  the  urine  has  varied,  in  different  investigations,  from  0  to  0.7 
mg.  daily  and  from  0  to  15%  of  the  amount  ingested  in  the  food.^®  In  a 
ver>^  recent  study  of  eleven  normal  adults.  Porter^®  could  detect  no  urinary 
copper  m  five  of  these  subjects,  in  two  the  total  daily  excretion  was  less 
than  3.5  ^g.,  and  m  four  it  ranged  from  3.5  to  14.7  ^g.  Even  the  highest 
of  these  figures  is  almost  cirtainly  less  than  1%  of  the  amount  taken  in 

not  ®  O'-  iojootion  does 

ret-  t  but  the  amount 

retained  depend.s  very  largely  on  the  copper  status  of  the  animal’s  tissues 

particularly  the  liver.  Retention  of  copper  in  the  body  depends  therefore 

S'Thert  ‘“fl  oopper  status  of  the 

2  art  t  Lr  itffi  of  oopper  are  little  understood 

ti.  * T ’ to  assess  by  any  direct  means,  but  there  is  no  donht 
that  the  ratio  of  copper  to  other  minerals  in  the  diet  can  be  imntrttnt  Th 
significance  of  molybdenum  in  this  connection  is  disrstjiX'Mow^ 

P-".  Chapman  and  Hal,.  London, 

’’  L'’i6,''4377i 93«. ;  F.  I.  Sooular.  J.  tiutri- 
H.  Porter,  Arch.  Biochem.  Biophys.  31,  262  (1951). 
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9.  Copper  and  Molybdenum 


A  relationship  between  copper  and  molybdenum  in  animals  has  been 
established  as  a  result  of  recent  work  with  sheep,  cattle,  and  rats.  The 
disease  of  cattle  characterized  by  persistent  scouring  and  known  locally 
as  “teart,”  which  occurs  in  certain  restricted  areas  in  England,  was  shown 
by  Ferguson  and  co-workers^^  to  be  caused  by  abnormally  high  intakes  of 
molybdenum  from  the  pastures  (20  to  100  p.p.m.  Mo  on  the  dry  basis) 
and  to  be  prevented  or  cured  by  dosing  with  massive  cjuantities  of 
copper  sulfate  (1  to  2  g.  daily).  Intravenous  injections  of  much  smaller 
doses  of  copper  sulfate  (100  to  300  mg.)  are  also  effective.^^  xt  must  be  em¬ 
phasized  that  teart  is  not  a  molybdenum-induced  copper  deficiency,  since 
the  copper  concentrations  in  the  blood  and  liver  of  affected  animals  remain 
within  normal  limits.  Neither  does  the  copper  therapy  reduce  the  uptake 
of  molybdenum,  as  judged  by  the  levels  of  molybdenum  in  the  blood  and 
liver  of  treated  animals,  although  it  controls  the  scouring  within  a  matter 
of  days.  Moreover,  GreeiT^  reports  an  experiment  with  hypocupremic 
ewes  in  which  sodium  molybdate  was  fed,  as  a  supplement  to  a  normal 
ration,  for  15  months  in  daily  doses  raised  each  quarter  on  the  scale  14, 
56,  112  and  224  mg.  Mo.  Liver  and  blood  copper  values  rose  in  all  cases 
to ’normal  levels,  in  spite  of  the  high  molybdenum  intake  which  brought 
about  exceedingly  high  concentrations  of  molybdenum  in  the  blood  and 


liver  of  the  animals.  .  i  i 

The  results  of  this  latter  experiment  contrast  with  those  of  Dick  and 

Bull  who  added  10  mg.  and  100  mg.  Mo  in  the  form  of  ammonium 
molybdate  daily  for  6  months  to  the  diet  of  sheep  receumig  a  normal 
diet  and  a  normal  diet  plus  additional  coppej.  A  marked  and  significant 
reduction  in  the  copper  concentration  of  the  lirjr  was  “btamed  m  he 
molybdenum-treated  sheep  with  or  without  added  copper.  These  find.,  g 
indicate  that  molybdenum  can  limit  the  amount  of  copper  assim dated  ant 
stored  in  the  liver  and  suggest  the  possibility  of 

content  of  pastures  being  responsible  for  copper  f  ^  ^ 

some  areas  and  accentuating  it  in  others.  C^onyersely,  ^ 
copper  content  of  the  pastures  is  norma  oi  high  (  p.in  .  < 

abnormally  low  levels  of  molybdenum  m  the  jiastures  (0.1  p.p.m.  Mo  oi 
fe  rfevor  iraevelopment  of  a  high  copper  status  in  sheep  and  ma 
c  chroni:  copper  poisoning.^-  Conhrmatoiy  e™*--  o  a  mc.piW 
antagonism  between  copper  an,l  molybtlenum  has  been  obtametl 

e  T-  A  TT  Tpwis  anclS  J.  Watson,  Nature  141,  553  (1938) ; /ea/o«  s 

71  W.  S.  Ferguson,  A.  11.  Lewis,  anu  o.  o  .  ^943) 

Hill  Asr.  Research  Bull.  1  (1940) ;  •7- '• 

«  H.  H.  Green,  Spec.  Con/,  in  70  (  946) 

u  A.T.  Dick  and  h.  B.  Bull,  Amtralian  '  '• 

74  L.  B.  Bull,  Spec.  Conf.  in  Agr.  {Australia)  19  . 
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Zealand  by  C'unningham.^®  Several  experiments  by  this  worker  have  shown 
that  increased  molybdenum  intake  either  naturally  from  molybdenum- 
high  pastures  or  from  added  molybdate  reduces  the  copjjer  content  of 
bovine  livers  and  blood.  Data  from  one  of  these  (Experiments  are  given  in 
Table  4.  Cunningham^®  claims  further  that  molybdenum  rather  than  cop¬ 
per  is  the  significant  factor  in  the  scouring  of  cattle  on  copi^er-deficient 
peat  lands  since  this  symptom  occurs  where  the  pastures  are  moderately 
low  in  copper  and  moderately  high  in  molybdenum  but  not  where  the  pas¬ 
tures  are  deficient  in  copper  but  contain  normal  low  amounts  of  molyb¬ 
denum. 

Copper  is  also  effective  in  overcoming  or  reducing  the  effects  of  molyb¬ 
denum  toxicity  in  the  rat.^®-  ’’’’  Comar  and  associates^®  found  that  newly 

TABLE  4 

Copper  and  Molybdenum  in  the  Livers  and  Blood  of  Heifers 

(Cunningham^®) 

Date  sample  Untreated  group  Mo-dosed  group* 

taken  . _ 

(day/month/year)  ~  ' 


Blood,  g./ml.  5/11/46  0.9  0.06  0.4  0.6 

Liver,  p.p.m.  in  dry  liver  19/2/47  96  3.8  10.1  5.4 

*  The  animals  of  this  group  were  drenched  thrice  weekly  with  a  solution  of  am¬ 
monium  molybdate  supplying  the  following  amounts  of  molybdate  per  dose- 

300  mg.;  5/11/45  to  7/3/46,  600  mg.;  8/3/46  to  29/4/46,  1200  mg  • 
1/5/46  to  19/2/47,  600  mg.  , 


weaned  rats  on  a  diet  containing  2  p.p.m.  Cu  and  1  p.p.m.  ]\Io  grew  well 
and  appeared  normal  in  every  way.  The  addition  of  80  p.p.m.  Mo  to  this 
let  slowed  growth  and  induced  a  high  mortality.  A  further  addition  of 
45  p.p  m.  Cu  as  copper  sulfate  resulted  in  growth  etiuivalent  to  that  of  the 
con  rols  recemng  no  additional  molybdenum  and  eliminated  the  mor¬ 
tality  Neilands  and  co-workers^^  were  able  to  overcome  completely  the 

irw  "  ;  f  Mo  per  100  g.  by  the  addition 

of  5%  vhole  hyer  substance  and  very  largely  by  the  addition  of  2  mg.  Cu 

s  copper  su  a  e  pei  100  g.,  although  the  diet  already  contained  7.73  mg. 

tribn^  ^  workers  showed  that  the  dis- 

tiibution  of  molybdenum  between  stomach  intestiim^s  .  i 

was  not  affected  by  tlie  copper  supplement.  The  ability  ’of  coppeTto  over 
come  molybdenum  toxicity  in  the  rat  is  su,Ke.ste<l  furLr  by  the  ™rk  'i 

"C.  L.  Comlrfl^Sniger'a^d  g"  k'^D  R  w 

’’ J.B.  Neilands,  F.M.  Str’ong  and  Cr/r’,  ' 

<5i^rong,  and  C.  A.  Elvehjem,  J.  Biol.  Chem.  172,  431  (1948). 
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Gray  and  Ellis, but  with  the  diets  and  mineral  ratios  used  by  these  workers 
it  was  much  less  obvious. 


III.  Cobalt 

The  first  record  of  cobalt’s  occurring  in  li\4ng  tissues  appears  to  be  that 
of  Legrip^^  (1841),  who  demonstrated  its  presence  in  the  plant  Lathyrus 
odoratus.  It  was  more  than  half  a  century  later  before  the  general  distribu¬ 
tion  of  this  element  in  biological  material  began  to  be  recognized.  Bertrand 
and  co-workers*®  found  that  minute  amounts  of  cobalt  occur  consistently 
in  plants  and  in  most  of  the  organs  of  man  and  other  mammals,  and  of  the 
birds,  fish,  and  marine  animals  which  they  examined.  The  widespread 
occurrence  of  cobalt  in  plant  and  animal  tissues  has  since  been  confirmed 
by  many  workers. 

No  real  indication  of  a  possible  function  for  cobalt  was  obtained  from 
these  early  studies  although  the  consistency  with  which  cobalt  occurs  m 
the  pancreas  in  higher  concentration  than  in  other  mammalian  organs 
led  Bertrand  and  Macheboeuf*®  to  suggest  that  it  might  be  concerned  in 
the  elaboration  and  activity  of  insulin.  Little  support  for  this  suggestion 
has  come  from  subsequent  work  with  cobalt,  including  the  verj^  recent 
studies  of  Ulrich  and  Copp*^  with  radioactive  cobalt.  These  workers 
could  find  no  significant  difference  between  the  cobalt  content  of  the 
pancreas  of  normal  and  alloxan  diabetic  rats  and  no  localization  of  cobalt 
within  the  islet  cells.  Neither  was  the  first  attempt  to  demonstrate  an 
essential  role  for  cobalt  in  nutrition  very  convincing.  Bertrand  and  ^aka- 
mura*2  found  that  mice  fed  a  highly  deficient  ration  survived  longer  when 
cobalt  and  nickel  supplements  were  added.  The  diets  fed  were  so  deficien 
in  other  factors,  however,  that  even  with  the  cobalt  and  nickel  supp 
ments  the  mice  only  survived  about  three  weeks.  .  x  j  u 

Evidence  that  cobalt  is  biologically  active  was  first  demonstrated  by 
Waltner  and  Waltner.*’  These  workers  showed  that  the  administration 
“tivX  large  amounts  of  cobalt  to  the  rat  stimulates  hematopoms. 
and  product  polycythemia.  Many  workers  have  subsequently  confirmed 
thit  Lding  bit  it  must  be  emphasized  that  the  amounts  of  cobalt  neces- 
a  V  to  See  polycythemia  are  considerably  greater  than  the  amount 
evTry  liWy  to  he  pLnt  in  normal  diets.  The  polycythemic  action  of 

r.  J  •  “S  iiT'E.  Brenchley,  dr 

37,  554  (1925);  G.  Bertrand  and  M.  Macheboeut,  Compl.  reM. 

Q925);  182,  1504;  183,  5  (1926).  n-  i,  148^1951) 

8XF.  Ulrich  and  D.  H.  Copp,  ^927);  186.  1480  (1928). 

..  G.  Bertrand  and  H.  Nakamura,  Compt-rend.  185.  321  ^), 

..  K  Waltner  and  K.  Waltner,  Klin.  Wochschr.  8,  313  (1929). 
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cobalt  cannot  therefore  be  construed  as  evidence  of  a  function  for  this 
element  in  normal  metabolic  processes.  Nevertheless,  Waltner  and  Walt- 
ner’s  work  stimulated  further  investigation  of  a  possible  physiological  role 
for  cobalt  and  was  directly  responsible  for  this  element’s  being  given  an 
early  trial  in  the  treatment  of  “coast  disease”  of  sheep.  This  is  of  great 
interest  because  “coast  disease”  was  the  first  of  the  naturally  occurring 
wasting  diseases  of  sheep  and  cattle  to  be  shown  to  respond  to  cobalt 
therapy.®^  The  subsequent  demonstration  by  workers  in  many  parts  of  the 
world  that  these  diseases  are  the  result  of  cobalt  deficiency,  or  of  a  dual 
deficiency  of  cobalt  and  copper,  gave  an  enormous  stimulus  to  work  on  the 
mode  of  action  of  cobalt  in  ruminants  and  its  distribution  in  plant  and 
animal  tissues  and  organs.  A  further  stimulus  came  from  the  important 
finding  of  Smith®®  and  of  Rickes  et  al.^^  in  1948  that  the  anti-pernicious 
anemia  factor  (vitamin  B12)  is  a  cobalt  compound. 


1.  Cobalt  Deficiency  in  Sheep  and  Cattle 

For  very  many  years  it  had  been  recognized  by  farmers  that  certain 
localized  areas  in  Australia,  New  Zealand,  Europe,  North  America,  and 
Africa  were  unsatisfactory  for  the  raising  of  sheep  and  cattle,  in  spite  of 
ample  pasture  of  satisfactory  quality  as  judged  by  conventional  standards. 
Animals  confined  to  these  “affected”  pastures  showed  a  marked  loss  of 
appetite,  emaciation,  debility,  progressive  anemia,  and  finally  death.  Non¬ 
ruminant  species  grazing  under  the  same  conditions  remained  perfectly 
healthy.  The  history  of  the  various  investigations,  which  led  to  the  abandon¬ 
ment  of  the  iron-deficiency  hypothesis  which  was  first  used  to  explain  their 
etiology  and  to  the  establishment  of  cobalt  deficiency  as  their  cause,  has 
been  reviewed  by  Marston,®^  Underwood,®®  and  Russell®®  up  to  1944  and 
wifi  not  be  repeated  here.  As  in  the  case  of  the  naturally  occurring  copper- 
deficiency  diseases,  three  mainlines  of  evidence  served  to  establish  the  posi¬ 
tion:  (1)  prevention  and  cure  of  the  disease  conditions  by  feeding  minute 
cobalt  supplements;  (2)  subnormal  levels  of  cobalt  in  the  liver  of  affected 
animals;  and  (3)  subnormal  concentrations  of  cobalt  in  the  pasture  and 
soils  01  the  disease-producing  areas. 

As  little  as  0.07  p.p.m.  Co  in  the  dry  matter  of  the  diet  is  generally 

cattTe  ^Iwiouffh  provide  the  full  requirements  of  sheep  and 

cattle,  although  0.1  p.p.m.  is  .suggested  by  Stewart®*  as  a  .safer  minimum. 

“E  T'w?’  V  8,  117  (1935). 

L.  Smith,  Nature  162,  144  (1948). 

"  T.  R.  Wood,  and  K.  Folkers, 

88  f'  Rev.  Biochem.  8,  557  (1939). 

89  r  Nutrition  Abstracts  &  Revs.  9,  515  (1940) 

-  J.  Stewart,  Spec.  Conf.  in  Agr.  (Australia)  (19^9) 
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“Healthy”  pastures  vary  considerably  in  cobalt  content  but  mostly  lie 
within  the  range  0.1  to  0.3  p.p.m.  Deficient  pastures  generally  contain  only 
0.03  to  0.04  p.p.m.,  but  figures  as  low  as  0.01  p.p.m.  have  been  reported. 
Sheep  grazing  such  pastures  have  been  observed  to  respond  to  the  feeding 
of  cobalt  salts  supplying  as  little  as  0.05  mg.  Co  daily,®®  but  for  optimum 
growth  and  health  a  minimum  of  0.1  mg.  per  day,  fed  either  daily,  thrice 
weekly,  or  weekly,  is  necessary.®®  -  ®^-  ®®  Drenching  with  much  larger  doses 
of  cobalt  at  longer  intervals  (monthly)  will  prevent  obvious  signs  of 
deficiency  in  sheep,®*  but  for  optimum  results  frequent  and  regular  treat¬ 
ment  is  necessaiy.  This  is  due  to  the  very  limited  capacity  for  storage  of 
cobalt  in  the  animal  body,  to  which  later  reference  will  be  made.  The 
minimum  supplements  recpiired  for  the  normal  growth  and  health  of 
cattle  grazing  typical  deficient  pastures  lie  between  0.3  and  1.0  mg.  Co 
per  day,  where  these  supplements  are  administered  daily,®®  but  con¬ 
siderably  larger  amounts  than  these  minimum  levels  are  usually  supplied 
in  practice.  Annual  or  biennial  treatment  of  the  pastures  uith  cobalt 
salts  has  also  proved  an  efficient  and  effective  form  of  treatment  in  many 

areas.®'*  ■  .  .  .  . , 


A  striking  feature  of  cobalt  deficiency  in  both  sheep  and  cattle  is  the 
absence  of  any  symptoms  which  can  be  regarded  as  specific  for  this  ele- 


H.  O.  Askew,  New  Zealand  J . 
R.  C.  Rossiter,  D.  H.  Curnow 
Sci.  14,  9  (1948). 
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2.  Cobalt  Content  of  Animal  1  issues  and  Organs 


Data  on  the  cobalt  content  of  animal  organs,  obtained  by  reliable  modern 
methods  of  analysis,  are  so  few  that  worth-while  species  comiiarisons  are 
impossible.  Only  in  the  rat  and  the  sheep  has  the  distribution  of  cobalt 
throughout  the  body  been  e.xtensively  studied.  Bertrand  and  Machebouef’s 
earlier  work  on  human  tissues  is  of  interest,  but  their  levels  are  suspiciously 
high,  judged  by  more  recent  work  on  other  species  with  improved  methods. 
However,  their  finding  that  the  concentration  of  cobalt  in  the  pancreas  is 
high,  compared  with  other  organs  examined,  has  been  confirmed  by  several 
workers  for  the  rat  and  the  sheep.  Concentration  in  the  spleen  is  also  fre¬ 
quently  high  in  normal  healthy  animals,  although  iiiuler  conditions  of 
relatively  massive  cobalt  suiiplementation  the  liver  and  kidneys  usually 
contain  the  highest  concentrations.  Ward  et  al.^^  found  the  concentration 
of  cobalt  in  the  tissues  of  normal  newborn  calves  to  range  from  0.10  to 
0.22  p.p.m.  on  the  dry  basis,  except  for  the  skin  and  hair  which  contained 
1.0  p.p.m.  and  the  urine  which  contained  0.36  p.p.m.  Data  on  the  cobalt 
content  of  bone  marrow  from  healthy  and  cobalt-deficient  animals  are  un¬ 
fortunately  almost  non-exi.stent. 

In  contra.st  to  the  above,  the  literature  on  the  cobalt  content  of  liver  is 
fairly  extensive,  particularly  for  the  sheep.  The  age  of  the  animal  does  not 
appear  greatly  to  affect  the  concentration  of  cobalt  in  the  liver  but  it  is 
markedly  influenced  by  the  level  of  intake  in  the  diet.  For  these  reasons 


liver  cobalt  determinations  are  extremely  valuable,  although  not  infallible, 
aids  in  diagnosing  cobalt  deficiency.  Thus  Underwood  and  Harvey®^  found 
the  mean  concentration  of  cobalt  in  the  livens  of  a  group  of  sheep  suffering 
fiom  cobalt  deficiency  to  be  0.06  p.p.m.  on  the  dry  basis,  compared  with  a 
figure  of  0.28  p.p.m.  for  a  group  of  healthy  sheep.  Askew  and  DixoiU^ 
found  similar  differences  but  somewhat  lower  \Tdues.  IMarston  et  al.-^ 
obtained  a  mean  of  0.09  p.p.m.  Co  for  the  livers  of  a  group  of  “coasty” 
sheep  and  0.34  p.p.m.  for  a  similar  group  of  healthy,  cobalt-treated  animals. 
McNaught,»9  from  an  extensive  study  of  healthy  and  “bush-sick”  animals 
m  New  Zealand,  suggests  that  0.04  to  0.06  p.p.m.  Co,  or  less,  in  the  drv 
matter  of  the  livers  of  sheep  and  cattle  indicate  cobalt  deficiency,  and  values 
of  0.08  to  0.12  p.p.m.,  or  more,  indicate  cobalt  sufficiency. 

McNaught’s  work  is  also  of  value  because  it  shows  that,  unlike  copper 
coba  does  not  accumulate  in  the  fetal  liver.  In  sheep  and  cattle  it  appears 
also  that,  under  conditions  of  steady,  adeiiuate  intake,  the  cobalt  concen- 


G.  M.  Ward  E.  J.  Berne,  H.  D.  Webster,  C.  W.  Duncan,  and  C.  F  Huffman 

J .  Ammal  Set.  8,  632  (1949).  ' 
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tration  in  the  liver  rises  slightly  from  birth  to  weaning  and  is  normally  some¬ 
what  higher  in  the  mature  than  in  the  newborn  animal. 

Many  workers  have  drawn  attention  to  the  liver  as  a  storage  organ  for 
cobalt,  but  it  is  not  sufficiently  realized  that  the  storage  capacity  of  this 
organ  is  very  limited.  In  fact,  substantial  stores  of  cobalt  have  not  been 
demonstrated  in  any  of  the  organs  or  tissues  of  the  body.  This  is  no  doubt 
related  to  the  fact  that  cobalt  is  very  poorly  absorbed  from  the  gut,  at 
least  of  the  ruminant. 

Using  orally  administered  radioactive  cobalt.  Comar  et  al}^^  found  only 
0.25%  to  be  retained  in  the  tissues  (mostly  the  liver)  of  a  bullock  after 
several  days,  most  of  it  being  accounted  for  in  the  feces.  Even  when  cobalt 
was  placed  directly  in  the  rumen,  none  was  detected  in  the  blood  and  within 
7  days  only  1%  remained  in  the  rumen.  On  the  other  hand,  Copp  and  Green- 
bergio2  found  a  single  dose  of  radioactive  cobalt  given  by  stomach  tube  to 
be  50%  absorbed  by  the  rat  and  most  of  this  to  be  rapidly  excreted  in  the 
urine.  The  position  with  injected  cobalt  is  somewhat  different.  Excretion 
takes  place  mostly  in  the  urine,  and  percentage  retention  by  the  tissues  is 
very  low.  Nevertheless,  very  much  higher  levels  occur  in  the  liver  than  when 
the  cobalt  is  ingested.  Ray  et  al}^^  found  about  ten  times  more  cobalt  in  the 
livers  of  injected  sheep  than  in  sheep  receiving  the  same  amount  of  cobalt 
orally.  In  view  of  the  fact  that  injected  cobalt  is  largely  ineffective,  it  is 
evident  that  liver  cobalt  is  not  a  certain  criterion  of  cobalt  adequacy. 

The  cobalt  content  of  the  blood  of  sheep  and  cattle  is  so  low  that  precise 
determination  is  extremely  difficult.  The  few  figures  that  are  available 
suggest  that  there  is  a  distinct  tendency  for  the  levels  m  the  blood  to  follow 
that  in  the  liver  and  therefore  to  reflect  the  cobalt  status  of  the  animal. 
Thus  Askew  and  Dixon^*  found  the  blood  for  four  affected  ^^eep  to  contain 
0.02  0.02,  0.02,  and  0.01  p.p.m.  Co  on  the  dry  basis,  compared  with  0.05 
and  0  04  p.p.m.  for  two  similar  healthy  cobalt-treated  anima  s.  veener 
et  al«'  also  report  a  mean  level  of  0.04  p.p.m.  Co  for  the  blood  se”™  « 
their  cobalt-treated  sheep  and  claim  a  mean  figure  of  0.004  p.p.m.  for  the 
cobalt-deficient  animals. 

3,  Cobalt  Content  of  Milk 

The  cow  appears  to  be  the  only  species  for  " 
for  the  cobalt  content  of  the  milk.  Underwood  and  Elvehjem  and  .4hmad 

r..  H.  O.  Askew  and  8.  W.  Josland,  Neu,  Zealand  J.  f '  9' (W«) ; 

fion  32,  61  (1946).  .  .  5.27,153  (1941). 

S.  •“  Ea;‘;V."c.  wefr:  "pt  oTohstedt,  and  P.  H.  PlulUps,  Ani„.a, 

...  a  A.’ Aenet  G.  P.  Perdval,  and  K.  S.  Morrow,  J.  Animal  Sci.  7,  16  (1948). 
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and  McColliim^°^“  give  values  of  the  order  of  10  to  20  /xg-  Co  per  liter,  hut 
more  recent  investigations,  in  which  improved  methods  have  been  used, 
suggest  strongly  that  these  values  are  much  too  high.  Thus  Paulais^®^'* 
found  0.4  to  0.7  jug-  Co  per  liter  and  ArchibakO0'“=  gives  the  normal  range  as 
0.2  to  1.1  ng.  The  effect  of  cobalt  deficiency  on  the  cobalt  content  of  milk 
is  unknown,  but  it  can  be  increased  four-fold  by  feeding  cobalt  supplements 
to  cows  on  normal  rations.*®'*® 


4.  Cobalt  in  the  Nutrition  of  Man  and  Other  Non-Ruminants 


Sheep,  cattle,  and  goats  are  the  only  species  in  which  cobalt  deficiency 
has  been  observed.  Horses  and  pigs  develop  normally  in  the  naturally 
occurring  cobalt-deficiency  areas,  and  rats  and  rabbits  remain  free  from  any 
evidence  of  cobalt  deficiency  on  synthetic  rations  in  which  the  cobalt  con¬ 
centrations  have  been  reduced  well  below  those  which  will  induce  symp¬ 
toms  of  cobalt  deficiency  in  ruminants.  Houk  et  al.  have  shown  this 
for  rats  on  a  ration  claimed  to  contain  only  0.003  p.p.m.  Co,  and  Thompson 
and  Ellis*®®  for  rabbits  on  a  ration  claimed  to  contain  only  0.0024  p.p.m.  Co. 
It  is  apparent  that  if  these  species  require  cobalt  at  all  it  must  be  in  ex¬ 
traordinarily  small  amounts. 


In  the  human  species  work  on  cobalt  has  so  far  been  restricted  to  its 
possible  significance  in  the  treatment  of  anemia.  Underwood*®^  found  cobalt 
to  be  an  invariable  contaminant  of  iron  salts  and  suggested  that  it  might 
play  some  part  in  the  treatment  of  those  secondary  anemias  of  man  in  which 
massive  doses  of  iron  compounds  are  necessary.  What  little  evidence  there 
is  does  not  support  this  suggestion,*®®  but  far  more  critical  experimentation 
IS  necessary  before  cobalt  can  completely  be  dismissed  as  a  factor  in  the 
treatment  of  huinan  secondary  anemias.  In  infants  suffering  from  nutri- 
tiional  anemia  Kato*®®  reports  an  accelerated  formation  of  red  cells  and 
emoglobin  when  iron  treatment  was  supplemented  with  relatively  large 
amounts  of  cobalt,  and  Wilberg**®  claims  good  results  from  similar  large 
(oO  mg.)  injections  of  cobalt  in  posthemorrhagic  anemias  and  anemias  due 
o  infection  or  tumors.  In  milk  anemia  of  rats,  on  the  other  hand,  addition 
of  moderate  amounts  of  cobalt  to  the  normal  iron  and  copper  supplements 
has  no  accelerating  effect  on  hematopoiesis.'*® 

The  discovery  that  vitamin  Bi2  is  a  cobalt  compound®®  -  ®®  presents  the 

R  Palt"/  29.  24  (1939). 

^  K.  raulais,  Ann.  pharm.  frang.  4,  110  (1946). 

ilr/T’  X.  Dairy  Sci.  30,  293  (1947). 

I"’  K.  Kato,  J.  Pediat.  11,  385  (WS?).  ’ 

C.  Wilberg,  wied.  lFoc)j.eftsc/ir  92  Ul?*!  \t  i  •  • 

20,  1038  (1951).  caenscnr.  92, 1373  (1950) ;  Nutrition  Abstracts  &  Revs. 
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whole  problem  of  the  cobalt  requirements  of  man  and  other  non-ruminant 
species  in  a  fresh  light.  Since  a  supply  of  this  vitamin  in  the  diet  is  known  to 
be  necessary  for  growiih  or  erythropoiesis,  or  both,  in  a  number  of  species 
(man,  rat,  mouse,  pig,  chick,  fox,  and  mink),  a  supply  of  cobalt  in  the 
diet  must  also  be  necessary.  Whether  these  species  require  cobalt  only  in 
the  form  of  vitamin  B12  is  not  yet  known.  If  they  do,  the  amounts  are 
extraordinarily  small  and  far  below  the  level  of  any  other  trace  mineral. 
For  instance,  for  the  successful  treatment  of  pernicious  anemia  in  man,  1 
to  2  jug.  of  \’itamin  B12  per  day  when  injected  and  5  jug.  per  day  given  orally 
with  normal  gastric  juice  have  been  found  adequate.  As  vitamin  B12  con¬ 
tains  4.5%  Co,  this  represents,  at  the  5-jug.  level,  a  daily  intake  of  only 
about  0.2  jug.  Co  or  about  one  five-hundredth  of  the  daily  requirement 
(0.1  mg.)  of  a  sheep.  Estimations  of  the  cobalt  content  of  human  foods^^^^- 
show  that  all  ordinary  diets  supply  many  times  this  amount  of  cobalt. 
The  problem  for  these  species  seems  therefore  to  be  one  of  sources  of  vita- 
.min  B12  rather  than  of  cobalt.  This  is  outside  the  scope  of  this  article 
and  in  any  case  has  recently  been  discussed  by  Smith  ,1^2  it  is  of  interest 
to  note  that  non-ruminant  herbivores,  like  ruminants,  appear  to  be  depend¬ 
ent  upon  the  synthetic  activities  of  the  micro-organisms  of  their  digestive 
tract  because  significant  amounts  of  vitamin  B12  do  not  occur  m  the  higher 

plants.^^^ 

5.  Polycythemic  Action  of  Cob.\lt 


Since  the  pioneer  experiment  of  Waltner  and  Waltner,«>  which  demon¬ 
strated  that  the  feeding  of  cobalt  causes  polycythemia  m  rats  many  in¬ 
vestigators  have  confirmed  this  effect  with  rats  and  showed  tha  it  oc^rs 
also  in  mice,  guinea  pigs,  dogs,  frogs,  pigs,  rabbits  and  ^  « 

or  injecting  equivalent  levels  of  cobalt  to  ruminants  does  not  induce  poly- 
cvthemia,“*’ but  toxic  effects,  notably  loss  of  appetite  ani  tepieisi 
:fgro^h  and  body  weight,  occur  at  somewhat  lower  dose  levels  tlmn  th^se 
required  to  produce  similar  toxic  effects  m  non-iuminants.  P  y 

cythemia  dewlops  only  when  the  diet  is  otherwise  adequate  for 
formation.  It  is  a  true  polycythemia  resulting  from  hyperplasia 
marrow  and  not  from  a  decrease  in  blood  volume.  by 

TT  T  ■++  T  ^nr  Chem  Ind.  (Lo/k/oh)  69,5/  (IJ-lW) 
111  N.  D.  Sylvester  and  L.  H.  Lampitt,  J.S  ^  • 

c.  Ilurwitz  and  K.C.  Beeson,  Food  toearcl.  9, 348  091  ). 

n.  E.  L.  Smith,  Nulrilion  “;,19  31  (1937). 

i»  S.  W.  Josland,  New  Zealand  d-  Sou  ec  -  .  ^  (1946). 

...  K,  P.  Geyer,  R  W.  Rupef,  and  L.  rt.  J  On  ^ 
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nullifies  the  effect  of  cobalt.^^®  In  the  rat  on  a  milk  diet  choline  has  no  such 
depressing  effect,  and  whole  liver  powder,  liver  extract,  and  a  P.A.  liver 
concentrate  have  been  found  to  enhance  cobalt  polycythemiad^^  The 
toxicity  of  high  levels  of  orally  ingested  cobalt  in  the  rat  and  in  the  calf 
is  reduced,  however,  by  concurrent  or  separate  injections  of  methionine, 
cystine,  cysteine,  or  histidine.”^  These  effects  cannot  be  paralleled  by  rais¬ 
ing  the  intake  of  these  amino  acids  through  increased  dietary  protein  levels 
or  through  increased  consumption  of  proteins,  such  as  casein,  which  supply 
equivalent  amounts  of  methionine. It  appears  that  the  action  of  these 
amino  acids  in  reducing  cobalt  toxicity  is  due  to  their  capacity  to  form 
coordination  compounds  with  cobalt  which  are  relatively  non-toxic.  Several 
workers  have  shown  that  cobalt  forms  coordination  complexes  with  certain 
amino  acids,^^®  and  the  complex  of  cobalt  and  cysteine  formed  in  vitro  has 
been  found  to  be  relatively  non-toxic  in  the  rat.^^° 

The  way  in  which  cobalt  exerts  its  stimulating  effect  on  the  bone  marrow 
is  not  yet  understood.  Barron  and  Barron^^i  suggest  that  cobalt  inhibits 
the  respiration  of  immature  red  cells,  causing  their  discharge  into  the  cir¬ 
culation  as  imperfect,  non-respiring  cells  and  their  replacement  in  the 
bone  marrow  by  new  cells.  Griffith  et  suggest  that  the  formation  of 
cobalt  coordination  complexes  with  compounds  in  the  cell  such  as  glu¬ 
tathione  interferes  with  cellular  oxidation  which  provides  the  necessary 
stimulus  to  hematopoiesis.  Davis^^®  suggests  that  cobalt  stimulates  ery- 
thropoiesis  by  interfering  with  a  respiratory  function  of  ascorbic  acid.  Buc- 
ciero  and  Orten^^^  have  shown  that  the  mechanism  of  cobalt  polycythemia 
is  not  one  of  lowering  the  02-capacity  of  the  hemoglobin  or  of  producing  a 
methemoglobin  possibly  containing  cobalt  rather  than  iron  in  the  hemo¬ 
globin  molecule. 

The  failure  of  cobalt  to  induce  polycythemia  in  ruminants  is  unexplained, 
although  it  has  been  suggested  that  this  is  due  to  the  particularly  low  ab¬ 
sorption  and  retention  of  cobalt  by  these  species. 


6.  Mode  of  Action  of  Cobalt 

Recent  work  m  several  laboratories  has  established  that  cobalt  exerts 
Its  beneficial  effects  primarily,  but  not  necessarily  wholly,  through  its 


J.  E.  Davis,  Am.  J.  Physiol.  127,  322  (1939). 

”3  aMOV rw  m'  J-  Physiol.  130, 

(1940),  L.  H.  Marshall,  thid.  114,  194  (1935). 
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action  on  the  ruminal  microflora.  In  other  words,  the  cobalt  requirement 
of  the  ruminant  is  largely  an  indirect  one,  supplying  the  needs  of  rumen 
bacteria  for  this  element,  thus  enabling  them  to  produce  one  or  more 
essential  nutritional  factors  for  their  host.  Many  lines  of  evidence  conspire 


Fir  1  Tvnical  responses  of  ewes  on  cobalt-defacient  pastures,  ixoo  uu.ica,  , 
rm.;  craluv  Z  R60,  1  mg.  Co  daily  injected,  RSO,  1  mg.  Co  daily  injected 
Sue  1  mg'  Co  daily  injected  after  60  weeks  when  the  deficiency  »ymP‘r’ r,™  “ 

terminretage.  S  denotes  recognisable  deficiency  systems.  (Marston  and  Lee.  ) 

to  support  this  hypothesis.  First,  ruminants  are  the  only  species  in  whi^ 
cobalt  deficiency  has  been  demonstrated.  Second,  cobalt  must-be 
if  it  is  to  be  completely  effective  (see  Fig.  ),  m  sp 
ieoted  cobalt  can  increase  the  concentration  of  cobalt  in 
blood  tenfold.'”’  This  cobalt  does  not  a|)pear,  however,  m  t 

H  R  Marston  and  H.  J.  Lee,  Nature  164,  n949) 

m  D.  E.  Becker,  S.  E.  Smith,  and  J.  K.  Loosh,  Saence  110.  71  (1949). 
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the  reticulum,  or  the  omasum, except  where  very  large  amounts  are  in¬ 
jected,  and  even  then  only  in  extremely  small  amountsd^®  Third,  in  cobalt- 
deficient  animals  there  is  a  marked  diminution  in  the  numbers  of  bacteria 
in  the  rumen  and  significant  changes  in  the  types  of  organism  present.’ 
These  bacterial  changes  are  not  the  result  of  lowered  feed  intake  per  se, 
and  the  numbers  can  be  raised  to  normal  levels  by  cobalt  feeding  but  not 
by  injection.’26  Fourth,  the  cobalt  present  in  the  rumen  contents  is  highly 
concentrated  in  the  microbial  fractions,’^^  and  both  the  total  amount  and 
the  amount  contained  in  the  microflora  are  greatly  reduced  in  the  cobalt- 
deficient  animal.’ These  latter  findings  are  difficult  to  evaluate  but  cer¬ 
tainly  suggest  that  the  rumen  bacteria  have  a  real  requirement  for  cobalt 
for  their  own  grovdh  and  synthetic  purposes.  Radiocobalt  fed  to  sheep 
has  been  found  to  be  incorporated  in  the  fecal  vitamin  B12,  no  doubt  by 
the  action  of  the  ruminal  microorganisms.^^®  Many  microorganisms  have 
been  shown  to  produce  increased  yields  of  vitamin  B12  by  the  addition  of 
traces  (about  1  p.p.m.)  of  cobalt  to  the  culture  medium. ’^9  Supplementing 
the  ration  of  ewes  with  cobalt,  although  this  ration  apparently  supplied 
ample  cobalt,  has  been  shown  to  produce  a  highly  significant  increase  in 
the  vitamin  B12  content  of  their  milk,  presumably  as  a  result  of  increased 
synthesis  by  the  rumen  microorganisms.’®” 

The  two  principal  ways  in  which  the  rumen  bacteria  sssist  their  host  is 
by  (1)  the  fermentative  breakdown  of  cellulose  to  organic  acids  (particularly 
acetic,  proprionic,  and  butyric)  which  are  readily  absorbed  from  the  rumen 
and  constitute  the  main  source  of  energy  to  ruminants  and  (2)  the  synthesis 
of  B  \ntamms  m  amounts  large  enough  to  render  the  host  independent  of 
exogenous  sources  of  these  nutrients.  There  appears  to  be  no  impairment 
of  the  first  of  these  activities  in  cobalt-deficient  sheep,  judging  by  the 
results  of  Becker  and  Smith,i®i  who  actually  found  significantly  higher 
digestion  coefficients  for  crude  fiber  in  deficient  than  in  cobalt-treated 
animals  How  far  this  is  a  reflection  of  the  lowered  feed  intake  of  the  de- 
cient  sheep  is  unknown  and  can  be  resolved  only  by  comparisons  at  the 
same  levels  of  feed  consumption. 

The  capaaty  of  the  rumen  bacteria  of  cobalt-deficient  animals  to  synthe¬ 
size  the  animal  s  vitamin  requirements,  especially  vitamin  B12  is  more 
interesting  aiicl  has  attracted  much  more  attention.  The  blood  of  cobalt 
deficient  lambs  has  been  shown  to  be  below  normal  in  the  vitamin  Bg 

Sczence  109,  468  (1949).  oiarK,  and  J.  K.  Loosli, 

m  p  ^’^chell.  Nature  162,  502  (1948). 
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group  and  in  nicotinic  acid.^^^  Supplementing  the  diet  of  these  animals 
with  folic  acid,  thiamine,  and  pyridoxine  administered  separately  and 
orally  has  no  measurable  beneficial  effect,^®^  but  a  complete  B  supplement 
given  daily  by  mouth  to  two  lambs  for  7  weeks  is  reported  to  have  produced 
“a  complete  reversal  of  all  symptoms  of  cobalt  deficiency.”**^  This  im¬ 
portant  finding  needs  confirmation. 

The  position  with  respect  to  vitamin  B12  is  now  becoming  much  more 
clear.  The  rumen  contents  of  normal  animals  are  an  exceedingly  rich  source 
of  this  nutrient,  but  the  concentration  is  very  greatly  reduced  in  cobalt 
deficiency.**^  Nevertheless,  injections  of  B12,  in  doses  of  the  same  order  as 
those  used  successfully  in  the  treatment  of  pernicious  anemia  in  man, 
have  proved  ineffective  in  overcoming  the  symptoms  of  cobalt  deficiency 
in  sheep. *^*’  ***  However,  Smith,  Koch,  and  Turk***“  have  recently  pro¬ 

duced  evidence  that  the  failure  of  these  earlier  attempts  was  due  to  the 
small  size  of  the  doses  used.  These  workers  found  that  larger  doses  of  this 
vitamin,  150  jUg-  more  injected  daily,  resulted  in  favorable  responses  in 
appetite,  body  weight,  and  hemoglobin  levels  in  cobalt-deficient  lambs. 
Support  tor  this  finding  with  respect  to  Bk  is  provided  by  the  same  workers 
who  report  curative  effects  from  injections  of  an  anti-pernicious  anemia 
liver  extract  and  a  high  correlation  between  the  vitamin  Bn  activity  ot 
fractions  ot  this  extract  and  their  curative  effects.  It  seems  clear  from  these 
results  that  at  least  one  of  the  functions  of  cobalt  in  the  ruminant  is  the 
synthesis  of  vitamin  B„  by  the  niminal  flora  an^d  that  cobalt  d^rtency  n 
these  animals  is  at  least  partially  a  vitamin  Bn  deficiency.  Fuither  tie 
vitamin  Bn  content  ot  liver  may,  after  all,  provide  an  explanation  of  the 
much  earlier  findings  ot  Filmer  and  Underwood^’*'  that  whole  Ine  , 
f^esh  or  dried,  can  be  highly  curative  of  cobalt  deficiency  m  calves  and 
lambs  although  it  contains  insufficient  cobalt  to  account  or  i  s  cura  ir 
action  “uestion  as  to  whether  the  ruminant  has  exceptionally  high 
requirements  tor  vitamin  Bn,  or  whether  man  has  exceptionally  >o"' ^  j 
ments,  compared  with  other  animal  species,  must  “T"®  J®  f  ^  ^ 

further  experimentation  has  disclosed  the  minimum  effective  doses 

range  of  species. 

IV.  Nickel 

Nickel  has  not  so  far  been  shown  to  play  ^eeifshown  to 

K  to  :tke:tfi:L':y™Cc"l';:ud^^^^ ^n  me  physical  and  chemical 
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properties  of  nickel  and  cobalt  is  thus  not  paralleled  by  their  physiological 
properties.  Filmer  and  Underwood®®  obtained  results  which  indicated  that 
nickel  might  partially,  but  only  to  a  limited  extent,  replace  cobalt  in  the 
treatment  of  enzootic  marasmus,  when  suboptimal  levels  of  cobalt  are  fed. 
Somewhat  similar  results  were  obtained  by  Dixon*^®®  with  salts  of  nickel 
in  the  treatment  of  “Morton  Mains”  disease  of  lambs  in  New  Zealand 
but  nickel  supplements  have  been  found  of  no  benefit  in  any  of  the  wasting 
diseases  of  sheep  and  cattle  without  cobalt  or  when  adequate  cobalt  has 
been  fed. 

The  recognition  of  nickel  as  a  plant  constituent  dates  back  nearly  a 
hundred  years,  but  it  was  more  than  fifty  years  later  before  its  general 
distribution  in  plant  and  animal  tissues  became  recognized.  Bertrand  and 
co-workers*®  and  McHargue^*^  made  a  considerable  number  of  analyses  of 
a  wide  range  of  plant  and  animal  tissues  and  organs.  They  showed  that 
nickel  generally  occurs  in  plants  in  higher  concentrations  than  cobalt 
but  in  animal  tissues  the  reverse  is  more  usual.  Confirmation  of  the  fact 
that  nickel  is  normally  much  more  abundant  in  plants  than  cobalt  is  pro- 
\’ided  by  the  more  recent  work  of  Mitchelfi**  using  spectrographic  methods. 
The  mean  nickel  content  of  the  dry  matter  of  ten  Scottish  pastures  was 
found  to  be  1.6  p.p.m.  (range  0.52  to  3.68)  compared  with  a  mean  of  0.09 
p.p.m.  (range  0.02  to  0.22)  for  the  cobalt  content  of  the  same  pastures. 
These  differences  are  a  reflection  both  of  a  higher  uptake  of  nickel  by  plants 
from  the  soil  and  of  higher  nickel  content  of  the  soil. 

Data  on  the  nickel  content  of  the  tissues  of  man  and  higher  animals  are 
limited.  The  liver  and  pancreas  appear  usually  to  contain  the  highest  con¬ 
centrations,  as  is  the  case  with  cobalt,  but  a  great  deal  more  information 
IS  needed  by  the  use  of  modern  methods  of  analysis.  In  1929  Martini^*® 
reported  nickel  to  be  a  normal  constituent  of  bones,  and  a  suggestion  has 
been  made  that  nickel  is  associated  with  the  activity  of  insulin.*®  Salts  of 
nickel,  in  common  with  those  of  certain  other  metals,  sustain  the  action  of 
insulin  when  added  in  small  amounts  (0.05  to  4  mg.  per  100  units)  but  in 
arger  amounts  inhibit  its  action.^^®  Also  a  crystalline  nickel  insulinate  can 
be  prepared,^«  but  there  is  no  evidence  that  nickel  is  necessary  for  the  nor¬ 
mal  lunctionmg  or  production  of  insulin  within  the  body 


V.  Manganese 

'■*  for  manganese  l)egan  when  Bertranil>« 
807  foimulated  Ins  now  ihsproven  theory  that  tliis  element  is  the  active 
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constituent  of  the  oxidases.  Later  Bertrand  and  Medigreceaiud^®  demon¬ 
strated  that  manganese  occurs  constantly  in  the  tissues  and  organs  of  plants 
and  animals,  including  man.  Subsequent  work  has  provided  ample  con¬ 
firmation  of  this  finding  and  shown  clearly  that,  in  contrast  to  iron,  plant 
tissues  are  normally  very  much  richer  in  this  element  than  animal  tissues. 
The  relative  constancy  of  the  manganese  content  of  most  tissues  led  to  a 
number  of  early,  and  largely  abortive,  attempts  to  demonstrate  its  essen¬ 
tiality  in  the  nutrition  of  animals.®^’  In  1931  convincing  evidence  was 
obtained. Improv^ement  in  the  grovHh  of  mice  was  shown  to  follow  addi¬ 
tions  of  manganese  to  a  milk  diet  supplemented  with  iron  and  copper. 
Many  workers  hav^e  since  demonstrated  that  manganese  is  an  essential 
component  of  the  diet  of  the  mouse,  the  rat,  the  rabbit,  and  the  chick, 
not  only  for  growih  but  for  normal  bone  development  and  reproduction. 
Its  importance  as  an  activator  of  certain  enzymes,  notably  liver  argmase 
and  bone  phosphatase,  is  also  established. 


I .  Manganese  Content  of  Anevial  T.  issues  and  Organs 

Most  animal  tissues  contain  very  low  concentrations  of  manganese  (1  to 
2  p.p.m.  on  dry  basis)  and  species  differences  are  small.  The  concentrations 
in  the  animal  body  are  therefore  much  lower  than  copper.  They  are  also 
very  much  less  v^ariable.  Substantial  stores  of  manganese  do  not  occur 
anywhere  in  the  body  in  any  species  so  far  iiwestigated,  although  the  liver, 
the  muscles,  and  the  bones  contain  the  largest  amounts.  Supplementing 
normal  diets  with  additional  manganese  increases  the  amounts  and  con¬ 
centrations  to  a  small  exTent,  but  marked  reduction  in  manganese  content 
particularly  of  the  liver  and  bones,  occurs  under  conditions  of 
Lnganese  intakes.  This  has  been  shown  tor  the  rat 
chick and  the  pig.»’  For  instance,  Skinner  et  found  that  the  bones 
of  rt’s  on  tow  manganese  diets  contained  0.08  mg.  Mn  per  100  g  diy  bone. 
:ompred  with  iiorLl  values  of  0.22  mg.  Mn  per  ,00  g.  Very  similar 
namely  0.00  and  0.20  mg.  Mn  per  100  g.  dry  bone,  are  reported  for  ctocks 

on  manganese-deficient  and  manganese-supplemented  diets  respectn  ly^ 

The,se  values  for  normal  rats  and  chicks  are  M^per 

found  by  Kehoe  et  al}’"  for  normal  humans,  namely  0.17  to  0.30  g.  P 

100  g.  of  fresh  bone. 
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Data  on  the  manganese  content  of  blood  are  scanty,  but  it  is  apparent 
that  the  concentrations  are  normally  extremely  low.  Normal  human  blood, 
according  to  Kehoe  et  contains  0.12  to  0.18  /xg  per  milliliter,  about 
two-thirds  of  which  occurs  in  the  corpuscles.  Bentley  and  Phillips^^J  give 
substantially  lower  levels  for  cow’s  blood  (0.05  to  0.07  /xg  P^r  milliliter). 
Investigation  of  the  position  in  other  species,  at  varying  manganese  in¬ 
takes,  is  badly  needed,  but  what  little  evidence  is  available  suggests  that 
subnormal  manganese  intakes  do  not  reduce  the  manganese  content  of 
the  blood  to  the  same  extent  that  they  reduce  the  manganese  content  of 
the  bones  and  the  liver.  Extraordinary  increases  in  the  serum  manganese 
levels  of  cows  turned  out  to  pasture  in  certain  “lactation  tetany”  areas  in 
England  were  reported  by  Blakemore  and  co-workers. Twenty  days  after 
the  cows  were  turned  out  to  pasture,  the  manganese  content  of  the  blood 
serum  of  six  cows  rose  from  a  very  low  mean  of  0.01  Mg  per  milliliter  to  an 
extremely  high  mean  of  1.5  Mg-  ^his  increase  was  associated  with  abnor¬ 
mally  high  manganese  contents  of  the  pastures  (540  to  1320  p.p.m.  Mn 
on  dry  basis).  No  such  remarkable  increases  have  been  reported  elsewhere. 

The  concentration  of  manganese  in  the  liver  is  little  affected  by  the  age 
of  the  animal  and  no  reserve  store  of  manganese  is  provided  in  the  newborn 
of  the  rat,  the  rabbit,  the  guinea  pig,  the  pig,  or  man. Human  livers 
from  indi\dduals  of  all  ages  have  been  found  to  be  extremely  constant  in 
manganese  content  (0  to  8  p.p.m.  on  dry  basis).  The  levels  are  slightly 
higher  in  cattle  and  slightly  lower  in  the  rat,  the  rabbit,  and  the  guinea 
pig  25. 151  There  is  a  small  but  significant  increase  in  these  latter  species  dur¬ 
ing  the  suckling  period.^®  As  soon  as  solid  food  begins  to  be  consumed,  the 
amounts  of  manganese  in  the  liv^er,  but  not  the  concentrations,  increase 
substantially.  In  mammals  it  appears  that  almost  all  the  manganese  in  the 

liver  occurs  in  the  arginase  extract,'^®  as  the  prosthetic  group  of  that 
enzyme. 

The  absence  of  reserve  stores  of  manganese  in  the  liver  of  the  newborn 
is  in  great  contrast  to  the  position  with  iron  and  copper,  a  point  of  con¬ 
siderable  interest  in  view  of  the  fact  that  milk  is  relatively  just  as  low 
m  manganese,  i.e.,  compared  with  the  amounts  in  most  foods,  as  it  is  in 
iron  and  copper.  In  fact,  milk  has  been  employed  as  the  principal  item  in 
practica  ly  all  diets  used  for  the  production  of  manganese  deficiency  in 

contains  0.02  to  0.03  Mn  per  milli- 
liter,' but,  m  contrast  to  the  position  wit),  iron  an<l  copper,  this 

'»*F  '’lit”,;  Set.  34,  396  (1951). 

j'  H  SM.ir’  R  ;  m'w  r"'  Record  49.  415  (1937) 

J.  M.  bheldon,  Brit.  Med.  J.  il,  869  (1932)  ^ 

Rieehem.  J.  33,  1845  (1939). 


462 


E.  J.  UNDERWOOD 


level  can  be  increased  substantially  by  feeding  additional  manganese. 

It  is  curious  that  the  mammary  gland  readily  permits  manganese  to  pass 
its  barriers  and  yet  successfully  prevents  iron  and  copper  from  doing  the 
same.  It  should  be  noted,  however,  that  colostrum  is  many  times  richer  in 
manganese  than  normal  milk.^^^  From  the  limited  data  available  it  appears 
also  that  both  ewe’s  and  mare’s  milk  are  somewhat  higher  in  manganese 
than  cow’s  milk.  Sato  and  Murata^^^  give  mean  figures  of  0.04  ng.  Mn  per 
milliliter  for  mare’s  milk  and  0.05  /xg.  Mn  per  milliliter  for  ewe’s  milk. 


2.  Manganese  in  Mammalian  Nutrition 


The  symptoms  of  manganese  deficiency  are  now  fairly  well  recognized 
for  the  mouse,  the  rat,  and  the  rabbit,  but  the  minimum  requirements  of 
this  element  are  not  yet  definitely  known,  either  for  these  species  or  for 
any  other  mammals.  Mice,  rats,  and  rabbits  are  unable  to  make  normal 
grovi-h  on  milk  rations  containing  0.1  to  0.2  p.p.m.  Mn  and  on  synthetic 
rations  containing  0.2  to  0.3  p.p.m.  Mn  on  the  diy  basis,  unless  additional 
manganese  is  pro\dded.i^*  Their  requirement  is  therefore  greater  than  0.3 
p  p  — how  much  greater  remains  to  be  determined.  In  the  pig  the  mini¬ 
mum  requirement  for  grovdh  appears  to  be  less  than  0.5  p.p.m.,^^®  although 
this  needs  confirmation.  The  requirement  for  reproduction  is  claimed  to 
be  very  much  higher.  Smith  and  Ellis^^®  have  made  an  attempt  to  determine 
the  minimum  requirement  of  the  rabbit,  but  further  experimentation,  m 
which  larger  groups  and  smaller  manganese  supplements  are  used,  is 
needed  to  answer  this  question  satisfactorily.  The  levels  of  calcium  and 
phosphorus  in  the  diet  are  also  important  since  high  calcium-phosphorus 
ratios  enhance  symptoms  of  manganese  deficiency,  presumably  by  depress¬ 


ing  manganese  absorption.  ^  ,  t  .  i  u 

Rats  mice,  and  rabbits  fed  these  manganese-deficient  diets  show  ab- 

normal’bone  development  in  most  cases,  but  it  is  not  an  outstanding  symp¬ 
tom  as  with  manganese-deficient  chicks.  Shortening  and  bowing  of 
Segs  L  urs  in  rats  and  rabbits-  and  lameness  and  crooked  legs  have 
bee.  associated  with  manganese  deficiency  in  pigs.-  These  S-s  symptoms 

are  the  result  of  a  significant  lowering  -'.t The 

flcnsitv  breaking  strength,  and  ash  content  of  the  long  bo  . 
caTcium  ami  phiphorus  contents  of  the  ash  of  the  bones 
but  the  manganese  content,  as  indicated  earlier,  is  giea  y  ' 

elavor  to  throw  some  light  on  the  -'-'iTr-afka^^s;.  C 
formation,  several  workers  have  investigated  the  alkaline  pl.osp 

•  7  ^  Af\  *70 
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acti^^ty  of  the  bones  under  conditions  of  manganese  deficiency.  In  the  rat 
and  the  rabbit,  as  well  as  in  the  chick,  a  highly  significant  reduction  has 
been  reported,  indicating  that  manganese  is  concerned  in  bone  formation 
through  its  influence  on  bone  phosphatase  activity 

The  demonstration  that  manganese  activates  liver  arginase*®®  led  natu¬ 
rally  to  the  measurement  of  arginase  activity  in  manganese-deficient  ani¬ 
mals.  In  the  rat  and  the  rabbit  there  is  a  significant  reduction  in  liver 
arginase  activity,  but  it  is  not  entirely  clear  whether  only  the  activ'^ation 
of  the  enzyme  is  lowered  or  whether  the  formation  and  concentration  of 
the  protein  part  of  the  enzyme  are  also  reduced.^®*’  The  weight  of  evi¬ 
dence  supports  the  former,  but  it  should  be  emphasized  that  this  has  only 
been  demonstrated  in  vitro.  It  is  not  known  if  arginase  acti\Tity  is  also 
reduced  in  vivo  and,  if  so,  what  effect  it  has  on  the  animal.  The  only  evi¬ 
dence  known  to  bear  on  this  cpiestion  is  that  nitrogen  excretion  is  not 
affected  in  manganese-deficient  rats,^®^  nor  is  there  any  accentuation  of 
deficiency  symptoms  through  increasing  the  burden  on  the  urea-forming 
system  by  feeding  ammonium  citrate.^®® 

Defective  o\Tilation  in  female  rats,  testicular  degeneration  and  sterility 
in  male  rats,  and  early  mortality  of  young  rats  were  among  the  earliest 
observations  of  the  effects  of  manganese  deficiency  on  milk  diets.  Claims 
that  deficient  lactation  was  the  cause  of  the  mortality  in  the  young  was 
elegantly  disproved  by  Daniels  and  Everson^®^  by  placing  the  young  from 
normal  rats  with  manganese-deficient  mothers.  The.se  young  developed 
normally.  More  recently  vShils  and  McCollum^®®  have  confirmed  the  fact 
that  mangane.se-deficient  females  show  no  loss  of  ability  to  .suckle  normal 
young  and  have  established  further  that  there  is  no  lack  of  maternal 


interest  in  these  young.  It  seems  highly  probable  that  most  of  the  conflict¬ 
ing  re.sults  which  have  been  obtained  on  the  effects  of  manganese  deficiency 
on  reproduction  in  mice  and  rats  can  be  explained  in  terms  of  the  varying 
degrees  of  deficiency  produced  by  different  workers.  Shils  and  McCollum 
suggest  that  there  are  three  distinct  stage  of  manganese  deficiency  in  the 
female.  In  the  lea.st  severe  stage  the  female  gives  birth  to  viable  young  which 
develop  symptoms  of  incoordination  and  paralysis.  (Nervous  .symptoms  of 
this  type  have  also  been  observed  in  mangane.se-deficient  chicks.)  In  the 
second  and  more  severe  .stage  non-viable  young  are  born  which  die  .shortly 
after  birth.  In  the  third  and  most  severe  .stage  of  deficiency,  which  has  so 
ar  been  developed  only  in  the  second  generation  of  females  on  manganese- 
ov  diets,  the  e.stms  cycle  is  affected  and  sterility  results.  The  mechanism 
of  manganese  action  m  reproduction  is  as  yet  unexplained 
Manganese  deficiency  under  natural  conditions  in  grazing  sheep  cattle 
or  honses  has  never  been  recorded  and,  in  fact,  is  hardly  likely  to  occur  in 
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view  of  the  high  manganese  content  of  most  pasture  plants  (50  to  150 
p.p.m.  INIn  on  diy  basis).  Even  the  vegetative  parts  of  cereals  growing  on 
soils  which  give  a  marked  response  in  crop  yield  and  in  manganese  content 
to  added  manganese  usually  contain  10  to  15  p.p.m.  Mn  on  the  dry  basis.’^®^ 
This  is  well  above  the  level  of  requirement  of  laboratoiy  mammals,  l)ut 
Bentley  and  Phillips’^®^  have  obtained  suggestive  evidence  that  10  p.p.m. 
Mn  in  the  ration  is  marginal  or  borderline  for  optimal  reproductive  per¬ 
formance  in  dairy  cows.  A  number  of  samples  of  hay  examined  in  their 
experiments  were  unusually  low  in  manganese  (<20  p.p.m.  Mn)  and  some 
contained  less  than  10  p.p.m.  Abnormally  high  intakes  of  manganese 


from  certain  pastures  may  possibly  be  of  some  significance  to  grazing  stock. 
The  work  of  Blakemore  and  co-workers^®^  relation  of  high  manganese 

pastures  to  “lactation  tetany”  in  cows  has  already  been  mentioned.  In 
addition,  Carlstrom  and  Hjarre^®^  suggest  that  susceptibility  to  the  virus 
of  infectious  anemia  in  horses  on  certain  pastures  in  Sweden  is  associated 
with  the  high  manganese  content  of  these  pastures. 

Manganese  has  not  yet  been  shown  to  be  required  by  the  human  or¬ 
ganism,  although  it  would  be  extraordinary  if  it  were  not.  Everson  and 
Daniels,^®®  from  the  results  of  balance  experiments,  recommend  that  the 
diet  of  children  should  contain  0.2  to  0.3  mg.  Mn  per  kilogram  body 
weight.  This  would  amount  to  3  to  5  mg.  daily  for  a  child  weighing  35  lb., 
which  seems  rather  high  and  would  not  always  be  easy  to  obtain  from  an 
ordinary  child’s  diet  high  in  dairy  products.  The  estimate  of  4.6  mg.  Mn 
as  the  amount  required  daily  to  keep  an  adult  male  in  manganese  a  ance 
would,  on  the  other  hand,  easily  be  covered  by  most  diets.  Estimates  made 
by  the  writer  indicate  an  average  intake  of  about  6  to  8  mg.  Mn  dai  y  y 
adults  on  typical  Australian  diets.  An  average  intake  of  7  mg.  Mn  daily  was 
calculated  by  Monier-Williams““  for  adults  on  an  English  winter  diet 
but  it  should  be  noted  that  no  less  than  3.3  mg.  of  this  came  from 
is  particularly  rich  in  manganese  (150  to  900  p.p.m.).  No  other  oidinaiy 
item  in  the  diet  approaches  tea  in  manganese  content.  ,  , 

Manganese  re.sembles  iron  and  cobalt  in  tha  ,t  is  poo  ly 
retained  in  the  body  and  largely  excreted  in  the  feces.  Kent 
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iictivc  in  iiRingtinesG  mettibolisrn.  L  rom  50  to  75%  of  the  intestinal  excretion 
of  such  “labeled”  manganese  comes  from  the  bile.'®® 


3.  Manganese  in  Avian  Nutrition 


Evidence  that  manganese  is  required  by  poultry  was  first  reported  by 
Wilgus,  Norris,  and  Heuser'^®  from  a  study  of  a  means  of  prevention  of 
perosis,  a  leg  disorder  of  birds  characterized  by  gross  enlargement  and 
malformation  of  the  tibiometatarsal  joint  with  displacement  (“slipping”) 
of  the  gastrocnemius  or  Achilles  tendon  from  its  condyles.  Later  Lyons  and 
Insko'^'  demonstrated  that  the  condition  known  as  nutritional  chondro¬ 
dystrophy,  characterized  by  the  development  of  a  high  proportion  of 
deformed  embryos  with  thick  shortened  legs  and  wings  and  globular  heads, 
was  also  due  to  manganese  deficiency  in  the  diet  of  the  hens.  This  results 
in  the  production  of  eggs  containing  insufficient  manganese  to  allow  normal 
hatchability  and  development  of  the  embryo.  Feeding  additional  manganese 
to  the  hen  or  injection  of  0.03  mg.  IVIn  directly  into  the  eggs  restores  hatch- 
ability  to  normal  and  completely  prevents  the  chondrodystrophy.  Since 
these  original  findings  extensive  investigations  by  many  workers  have  dem¬ 
onstrated  that  manganese  is  involved  in  much  more  than  the  prevention 
of  perosis  and  chondrodystrophy,  both  of  which  are  associated  with  ab¬ 


normal  bone  development.  Manganese  deficiency  in  poultry  results  also 
in  nervous  symptoms  (ataxia),  inferior  growdh  of  chicks,  failure  to  main¬ 
tain  body  weight  of  mature  birds,  lowered  egg  production,  decreased  hatch- 
ability,  reduced  egg-shell  breaking  strength  and  egg-shell  ash,  and  lower 
concentrations  of  manganese  in  the  egg,  embryo,  bones,  and  liver.'^®  The 
physiological  mechanisms  involved  in  these  conditions,  apart  from  bone 
formation,  remain  largely  obscure. 

The  minimum  manganese  requirement  of  birds  for  the  pre\'ention  of 
any  of  the  above  symptoms  of  deficiency  depends  upon  three  principal 
factors.  These  are  (1)  the  breed,  or  even  strain,  of  bird,  (2)  the  quantity  of 
calcium,  phosphorus,  and  iron  in  the  diet,  and  (3)  the  source,  i.e.,  the  form 
o  manganese  supplied.  The  incidence  of  perosis  may  also  be  influenced 

aL  •  ^  Ti  74“^  organic  nutrients,  of  which  choline’ 

and  inositol  appear  the  most  important.  This  aspect  of  perosis  has  been 
well  reviewed  by  Jukes'^®  to  1941. 


i! "c  Norrifa nd  g’ 

171  ivr  T  j  AX  X  Heuser,  Science  84  ,  252  11936) 

H.'s.  wiigu“  L^.  Norri7°a’„^G'F*'i'/‘"'' 

Congr.  Cleveland,  Ohio  p.  171  (I939).  Poultry  Congr.  7th 

A.  G.  Hogan,  J.  Nutrition  21,  327  (1941) 

a93°8)."""'  “■  E'vehjem,  and  E.  B.  Hart,  Sconce  88,  383 

T.  H.  Jukes,  J.  Nutrition  22,  315  (1941). 
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The  lighter  breeds  have  a  somewhat  lower  manganese  requirement  than 
the  heavier  breeds.  In  White  Leghorn  chicks  30  p.p.m.  Mn  in  the  diet  has 
been  found  sufficient  for  the  prevention  of  perosis  and  for  normal  growth 
and  50  p.p.m.  for  New  Hampshires.^^®  Other  workers  report  a  minimum  of 
35  p.p.m.  for  their  White  Leghorns*^''  and  41  p.p.m.  for  Barred  Rocks. 

A  higher  requirement  for  Barred  Rock  hens  than  for  White  Leghorns  for 
egg  production,  hatchability,  and  prevention  of  chondrodystrophy  has 
also  been  reported.’-^^  Considerable  individual  variability  in  inherent  ability 
to  assimilate  or  metabolize  manganese  exists. 

Excess  calcium  and  phosphorus  in  the  diet  increases  the  manganese  re¬ 
quirement  of  birds  by  directly  affecting  its  availablity.  4  his  is  not  due  to 
the  removal  of  manganese  from  solution  as  insoluble  hydroxide  or  phos¬ 


phate.  In  fact,  manganese  phosphate,  Mn3(P04)2,  is  no  less  available  than 
many  other  manganese  compounds,  as  judged  by  its  capacity  to  prevent 
perosis.  It  appears  that  the  mechanism  is  rather  through  a  reduction  in 
soluble  manganese  through  adsorption  by  solid  minerali®®'  Such  adsorp¬ 
tion  of  manganese  by  carbonates  and  phosphates,  particularly  the  lattei, 
have  been  shown  in  in  vitro  studies^®®-  at  acid  reactions  similar  to  those 
in  the  absorptive  areas  of  the  intestine.  The  amount  of  manganese  le- 
maining  in  solution  is  dependent  upon  the  amount  originally  present,  which 
explains  how  extra  manganese  in  the  ration  tends  to  overcome  the  effect 

of  excess  mineral.  i  •  i 

Although  differences  exist  in  the  availability  of  different  chemical  com- 

binations  of  manganese,  they  are  not  of  great  practical  significance  be¬ 
cause  all  the  normal  sources  of  this  element  (oxide,  carbonate,  sulfate, 
chloride  and  permanganate)  appear  equally  valuable.'*"  However,  one 
carbonate  ore— rhodochrosite— and  a  silicate  ore— rhodonite— have  been 
found  to  be  relatively  unavailable."®’  " 

The  very  high  requirement  of  birds  for  manganese,  compaie  ui  i  . 

of  mammals,  even  under  the  most  favorable  dietary  conditions  calls  for 
some  comment.  To  some  extent  this  is  undoubtedly  due  to  lower 
from  the  gut.  Injection  of  manganese  in  quantities  equivalent  to  (>  to 
p  p.m.  of  the  iliet  is  completely  effective  in  preventing  P“°^^ 

livm  times  tl,e.se  quantities  are  needed  in  diets  containing  ordina  y  levels 
11  irnn  174. 178,  181  appears,  therefore,  that  onlj 

of  calcium,  phosphorus,  and  iron.  IP  Poor  ab- 

20  to  25%  of  the  manganese  in  the  diet  is  ordinari  y  a\ 

176  w.  D.  Gallup  and  L.  C.  Norris,  J.  Biol.  Chem.  117,  36  (1937),  PouUty  Set. 

m  W.M.  Insko,  M.  Lyons,  and  J.  II.  ‘L'k.  S'  Coll.  Agr., 

.1.  P  J  Schaible,  S.  L.  Bnndemcr,  and  J.  A.  Davidson, 

n.  KSd^:;  -  -  <->■ 
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sorption  of  ingested  manganese  and  practically  complete  elimination 
through  the  feces  has  been  demonstrated  in  chicks  in  studies  utilizing 
radioactive  manganesed®^  It  is  doubtful,  however,  if  low  absorption  ac¬ 
counts  for  all  the  difference  between  birds  and  mammals  in  manganese 
requirement.  It  seems  highly  likely  that  the  former  species  have  also  a 
greater  requirement  for  absorbed  manganese,  although  in  what  way  and 
for  what  purposes  remains  to  be  determined.  It  is  significant  in  this  respect 
that  abnormal  bone  development  is  a  much  more  prominent  symptom  of 
manganese  deficiency  in  the  chick  than  in  the  mammal,  although  in  both 
cases  the  retardation  of  bone  development  is  associated  with  a  reduced 
level  of  pho.sphatase  activity.  In  manganese  deficient  chicks  Weise  and 
associates’^^  found  the  blood  phosphatase  levels  to  l)e  depressed  from  15.9 
to  51.3  units  per  100  ml.  to  2.1  to  3.1  units  and  the  bone  phosphatase 
levels  from  8.5  to  10.0  unit  per  gram  to  3.G  to  7.7  units. 


VI.  Zinc 

Zinc  is  one  of  the  most  recent  of  the  trace  minerals  shown  to  be  essential 
for  the  growth  and  well-being  of  the  higher  forms  of  animal  life.  Long 
before  this,  it  was  known  to  be  widely  distributed  in  plant  and  animal 
tissues  and  organs.  Early  attempts,  by  Bertrand’®®  and  McIIargue’^^  and 
their  co-workers,  to  demonstrate  an  essential  function  for  zinc  in  the  nutri¬ 
tion  of  animals  were  not  completely  successful,  as  in  the  case  of  copper 
and  manganese,  and  for  the  same  reasons.  1  he  rations  used  were  so  deficient 
in  other  nutrients,  notably  vitamins,  that  even  with  added  zinc  the  experi¬ 
mental  mice  and  rats  only  survived  for  a  few  weeks.  Todd,  Elvehjem,  and 
Hart’®'’  were  more  successful  with  their  diets  and  in  1934  provided  definite 
evidence  that  zinc  is  necessary  for  grovdh  in  the  rat.  Diets  lower  in  zinc 
content  and  better  in  other  respects  were  subsequently  produced  by  the 
Wisconsin  workers  and  others  and  ample  evidence  that  this  element  is 
essential  m  the  diet  of  both  rats  and  mice  is  now  available.  Direct  experi¬ 
mental  evidence  of  a  zinc  requirement  by  other  animal  species  has  not  yet 
been  produced,  but  it  has  been  obvious  that  there  must  be  a  requirement 

tlemonstration  by  Keilin  and  Mann’®®  in 
1939  that  zinc  constitutes  tlie  prosthetic  group  of  the  enzyme  carbonic 


1.  Zinc  Content  of  Animal  Tissues  and  Organs 

Zinc  occurs  in  the  body  of  land  animals  in  veiy  much  greater  quantities 
than  copper  or  ma„Kanc»e.  It  rcsomhles  copper  to  «ome  extent  in  it«  rcla- 

G  ■  LrtranTInd  R  R  197  (1943) 

D.  Keilin  and  T.  Mann,  Nature  144,  442  "S’) 
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tive  distribution  in  the  different  organs.  In  all  tissues  examined  the  zinc 
content  is  substantially  higher  than  the  copper  content  but  the  zinc-cop¬ 
per  ratio  is  lower  in  the  brain  and  higher  in  the  muscles  than  in  most  other 
organs.  Species  differences  appear  to  be  small,  judging  by  the  limited 
amount  of  data  for  species  other  than  the  human.  Special  attention  has 
been  given  to  zinc  in  the  human  body  since  the  extensive  pioneer  work  of 
lAitz^^®  and  of  Drinker  and  Collier,'*^  who  were  interested  particularly  in 
this  element  as  a  possible  industrial  health  hazard.  This  aspect  of  zinc 


TABLE  5 


The  Zinc  Content  of  Tissues 


(Parts  per  million  of  fresh  tissue) 


Rat 

Cat 

Normal 

Added  Zn 

Normal 

Added  Zn 

Lutz  I 

1 

Drinker  | 

Drinker 

Lutz 

Drinker 

Drinker 

Blood 

6.7 

7.0 

15.0 

4.6 

2.0 

10.0 

Gastro-intesti- 

15.1 

45.0 

60.0 

19.1 

25.0 

50.0 

nal  tract 

330.0 

Pancreas 

17.3 

19.0 

24.8 

27.0 

Liver 

20.7 

47.0 

50.0 

41.1 

55.0 

340.0 

Kidney 

14.4 

50.0 

110.0 

14.1 

14.0 

220.0 

Spleen 

36.3 

228.0 

250.0 

12.6 

33.0 

35.0 

Lung 

23.6 

48.0 

60.0 

14.5 

28.0 

30.0 

Testes 

14.9 

82.0 

— 

8.5 

” 

Brain  and 

13.4 

53.0 

40.0 

9.4 

20.0 

20.0 

spinal  cord 
Muscle 

13.6 

38.0 

30.0 

21.1 

22.0 

25.0 

Hide 

33.8 

36.0 

50.0 

39.1 

30.0 

60.0 

Hair 

Bone 

178.3 

i  — 

— 

224.1 

125.9 

227.0 

260.0 

Man 


Normal 


Lutz 


5.2 

11.3 

12.4 
54.9 
35.0 
11.3 

6.8 

308.9 

8.3 

30.2 

163.0 

100.8 


has  been  well  reviewed  up  to  1945  by  ^ 

Table  5  give,s  some  of  the  results  of  Lutz  and  Drinker  and  Collier  for  th 

zinc  content  of  animal  organs.  , 

The  following  mean  figures  e.vtracted  from 
Eggletoid*’  on  twenty-six  Chinese  subjects  agree  fairly 
IWe  5  and  with  others  in  the  literature:  liver,  245  p.p.m.  ' 

muscles,  220;  kidneys,  18C,;  p.ancreas,  135;  heart,  100;  adrenals,  82,  spleen. 


R.  E.  Lutz,  J.  Ind.  Iltjg.  8,  177  (1926). 

18^  R.  E.  Drinker  and  E.  S.  Collier,  J.  Ind.  Hyg. 
188  D.  M.  Hegsted,  J.  M.  McKebbin,  and  C.  1. 


8,  257  (1926). 
C.  Drinker,  U. 


Rpx)t  Suppl.  t79  (1945). 

189  W.  G.  E.  Eggleton,  Biochem.  J .  34,  991  (1940). 


S.  Public  Health 
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72;  lungs,  67;  cerebellum,  55;  and  cerebrum,  43.  Individual  variability 
was  considerable  in  the  liver,  the  muscles,  and  the  kidneys  but  small  in 
the  other  organs  examined  by  Eggleton.  This  worker  has  shown  further 
that  the  epidermal  structures  of  the  body  are  characteristically  rich  in 
in  zinc^®°  and  several  others  have  found  high  concentration  (100  to  250 
p.p.m.)  in  the  bones  and  teeth. Zinc  resembles  lead  in  its  tendency 
to  accumulate  in  the  bones.  In  Table  6  are  presented  the  mean  levels  of 
zinc  in  the  epidermal  structures  of  a  group  of  healthy  individuals  and  of 
a  group  of  beriberi  suffers.  The  much  lower  levels  found  in  the  latter  group 
are  regarded  by  Eggleton  as  a  reflection  of  a  low  intake  of  zinc  in  beriberi- 
producing  diets,  due  to  a  high  positive  correlation  between  the  zinc  and 
thiamine  contents  of  foods.  They  imply  that  subnormal  intakes  of  zinc 


TABLE  6 

Zinc  Content  of  Human  Epidermal  Structures  (Eggleton*®®) 
(Parts  per  million  of  fat-free  dry  matter) 


No.  of  Samples 

Healthy  adults 

_  No.  of  Samples  . 

Beriberi  sufferers 

Mean 

Range 

Mean 

Range 

Head  hair 

13 

255 

84-444 

7 

173 

110-229 

Pubic  hair 

8 

197 

71-342 

4 

83 

45-115 

Fingernails 

13 

195 

121-260 

13 

88 

22-184 

Toenails 

11 

198 

96-340 

6 

90 

31-153 

Epidermis 

1 

97 

— 

— 

_ 

_ 

Skin 

8 

26 

12-55 

7 

13 

6-21 

result  in  subnormal  levels  of  zinc  in  the  tissues.  There  is  no  direct  evidence 
for  this  in  humans,  but  in  rats  on  zinc  deficient  diets  the  total  zinc  content 
of  the  vhole  body  is  markedly  below  normal. Adding  zinc  to  normal 
diets,  on  the  other  hand,  produces  only  slight  increases  in  zinc  concentration 
in  the  tissues.!®^  The  claim  of  Scott  and  Fisher'^^  that  the  zinc  content  of 
the  pancreas  of  diabetics  is  significantly  lower  than  that  of  non-diabetics 
IS  not  confirmed  by  the  work  of  Eisenbrand  and  Sieiiz.^^^  These  latter 
workers  could  find  little  difference  when  their  results  were  expressed  on  the 
basis  of  fat-free  pancreas  tissue.  Their  actual  mean  figures  were  30.6  Mg. 


K  ’  r'  Drinkpr  p  ’r  if  ’  Chinese  J.  Physiol.  13,  339  (1938). 

192  n  R  ?  I  v!  M.  Marsh,  Am.  J.  Physiol.  80.  31  (1927) 

193  f  V  J-  61.  530  (19.36);  63,  395  (1937);  68.  257  1940) 

R.  L.  R  Grimmett,  I.  G.  McIntosh,  E.  M.  Wall,  and  C.  S.  M.  Ilopkerk  New 
Zealand  J.  Agr.  54,  216  (1937).  lyew 

195  D  f  A'  ^iol.  Chem.  109,  347  (1935) 

196  f  ■  A  ""A  A  I^^est.  17,  725  (1938). 

.  isenbrand  and  M.  Sienz,  Z.  physiol.  Chem.  268,  1  (1941). 


470 


E.  J.  UNDERWOOD 


Zn  per  gram  for  twenty -seven  non-diabetics  and  25.3  Mg-  per  gram  twenty- 
one  diabetics. 


2.  Zinc  Content  of  Blood 


Figures  for  the  zinc  content  of  the  blood  of  species  other  than  human 
are  too  few  to  permit  proper  species  comparisons,  but  the  limited  data 
suggest  that  mammalian  differences  are  .small.  Values  reported  for  whole 
human  blood  range  from  3  to  9  jug.  Zn  per  milliliter,  with  a  high  proportion 
lying  between  5  and  7  Mg-  A  higher  mean  value  for  normal  human  blood  is 
given  by  Vallee  and  Gibson^^^  in  a  recent  study  carried  out  by  means  of  an 
improved  dithizone  method,  accurate  to  1  Mg-  ddiey  obtained  the  following 
mean  concentrations:  whole  blood,  8.8  ±  2.0  Mg-  Zn  per  milliliter ;  plasma, 
3.0  ±  1.6  Mg-  per  milliliter;  packed  erythrocytes,  14.4  ±2.7  Mg-  per  mil¬ 
liliter;  erythrocytes,  1.34  X  lO"®  ±  0.2  Mg-  per  million  cells;  leucocytes, 
3.2  ±  1.3  X  10~^  Mg-  per  million  cells.  Calculations  showed  that  75  %  of  the 
total  zinc  in  the  blood  was  present  in  the  erythrocytes,  22  %  in  the  plasma, 
and  3  %  in  the  leucocytes.  The  individual  leucocyte,  however,  contained 


twenty-five  times  as  much  zinc  as  the  individual  erythrocyte.  Neither  the 
role  of  zinc  in  leucocytes  nor  the  nature  of  the  zinc  compound  or  compounds 
pre.sent  is  yet  known,  but  the  concentration  of  zinc  in  the  peripheral  leu¬ 
cocytes  of  patients  with  chronic  myelocytic,  lymphocytic,  and  monocytic 
leukemia  is  very  greatly  reduced  and  cannot  be  raised  by  injections  of 
stable  zinc  gluconate.'^*  A  rise  to  normal  levels  occurs,  however,  in  clinical 
remission  and  under  therapy  with  X-rays  or  urethane,  accompanying  the 
falling  leucocyte  count.^^®  The  significance  of  this  fall  in  zinc  concentration 
in  leucemia  cannot  be  evaluated  at  present  but  it  suggests  that  a  study  of 
the  concentration  of  copper  and  other  trace  elements  m  leukemic  cells 

would  be  of  great  intere.st. 

The  whole  of  the  zinc  in  er>'throcytes  can  be  accounted  for  as  carbonic 
anhydrase,^®®  and  the  carbonic  anhydrase  activity  of  blood  is^confined  to 
the  erythrocytes.200  There  is  none  in  the  plasma  or  leucocytes. 1  his  sug¬ 
gests  that  the  carbonic  anhydrase  activity  of  lilood  might  be  low  in  anemia 
and  high  in  polycythemia  and  that  zinc  determinations  might  provide  a 
useful  means  of  estimating  the  ammmt  of  the  enzyme  in  ml  blood  ce  s^ 
Both  these  points  have  been  convincingly  answered  by  \allee  and  Ins 
associates. 201'  202  They  have  shown  that  in  almost  all  patients  with  anemu  -s 


197  B  L.  Vallee  and  J.  G.  Gibson,  J.  Biol.  Chem.  "^^5  (1948). 

...  J.  O.  Gibson,  R.  L.  Vallee,  R.  G.  Fluharty,  and  J.  E.  Nelson,  Proc.  Mern.  Ccn 

cer  Res.  Congr.,  Uh  Congr.  St.  Louis,  p.  104  (1947). 

...  E  Hove,  C.  A.  Elvehjem,  and  E.  B.  Hart,  J.  Bwh  CTem.  136,  425  (1940). 

200  H.  D.  Lewis  and  M.  D.  Altschule,  Blood  4,  442  (194J). 

201  B.  L.  Vallee  and  J.  G.  Gibson,  Bloody  455  (1949). 

202  B.  L.  Vallee,  H.  D.  Lewis,  M.  D.  Altschule,  and  J.  G.  Gibson, 

(1949). 
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other  than  pernicious  anemia,  l)oth  zinc  and  carbonic  anhydrase  activity 
are  lowered  in  parallel  fashion,  so  that  the  decreases  are  proportional  to  the 
decreases  in  hematocrit,  hemoglobin  levels,  and  erythrocyte  counts,  d  he 
zinc  and  enzyme  values  per  unit  of  R.B.G.  remain  in  the  noimal  range 
(Fig.  2).  Patients  with  pernicious  anemia,  on  the  other  hand,  were  found 
to  show  no  decrease  in  absolute  values  for  zinc  and  caibonic  anhydrase 
activity  in  spite  of  marked  lowering  of  hematocrit,  hemoglobin  levels,  and 
erythrocyte  counts.  The  zinc  and  enzyme  values  per  unit  of  R.B.C.  in 
this  disease  are  therefore  significantly  elevated  above  normal  (Fig.  3). 
This  occurs  even  when  the  zinc  concentration  is  calculated  per  million 
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Fig.  2.  The  relationship  of  zinc  in  micrograms  per  cubic  centimeter  of  erythrocytes 
to  carbonic  anhydrase  in  U  units  per  cubic  centimeter  of  erythrocytes  in  anemias 
other  than  pernicious  anemia. 201  The  rectangle  denotes  the  normal  range.  The  line 
connecting  with  the  zero  point  is  drawn  through  the  normal  mean  of  both  parameters. 


cells  so  that  the  increased  average  red  cell  size  in  pernicious  anemia  is 
eliminated  as  a  contributing  factor.  The  significance  of  these  interesting 
findings  is  impossible  to  evaluate  at  present  but,  as  Vallee  and  Gibsoipo’ 
have  pointed  out,  they  do  indicate  that  ‘The  haemoglobin  and  carbonic 
anhydmse  systems  are  structurally  discrete  though  functionally  related.” 

ley  indicate  further  that  erythrocyte  zinc  concentration  might  be  used 
as  a  relatively  simple  index  of  the  carbonic  anhydrase  content  in  studying 
various  phases  of  respiratory  physiology. 


3.  Zinc  Content  of  Milk 

The  zinc  content  of  the  milk  of  only  three  species  (cow,  ewe,  and  human 
being)  has  been  studied  with  any  thoroughness.  The  results  show  clearly 
that  milk  IS  relatively  rich  in  zinc,  i.e.,  compared  with  its  content  of  cop 
per  or  manganese.  In  fact,  most  of  the  values  are  about  ten  times  highL 
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than  copper  aiul  about  fifty  times  higher  than  manganese.  Species  dif¬ 
ferences  either  do  not  exist  or  are  very  small.  Some  workers  have  found 
human  milk  to  be  lower  in  zinc  than  cow’s  milk-j^o*  others  have  found  it  to 
be  higher. Sato  and  Murata-°^  were  unable  to  detect  significant  differences 
between  human,  ewe’s,  and  cow’s  milk.  These  latter  workers  found  a  high 
proportion  of  the  samples  of  each  species  to  lie  between  3  and  4  gg.  Zn  per 
milliliter.  A  mean  figure  of  3.9  (xg.  was  obtained  by  Archibald^®®  for  normal 
cow’s  milk.  Feeding  a  zinc  supplement  to  the  cows  consistently  raised  the 
zinc  content  of  the  milk  to  a  mean  of  5.1  ng.  Whether  the  converse  holds, 
i.e.,  whether  subnormal  intakes  of  zinc  result  in  subnormal’ levels  of  zinc 
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Fig  3  The  relationship  of  zinc  in  micrograms  per  cubic  centimeter  of  erythrocytes 
to  carbonic  anhydrase  in  U  units  per  cubic  centimeter  of  erythrocytes  in  pernicious 
anemia.201  The  rectangle  denotes  the  normal  range.  The  line  connecting  with  the  zero 
point  is  drawn  through  the  normal  mean  of  both  parameters. 

in  the  milk,  is  not  yet  known.  There  is  no  evidence  tliat  a  fall  in  the  zinc 
content  of  milk  takes  place  throughout  lactation,  as  occurs  in  the  case  o 
copper,  hut  all  workers  agree  that  the  zinc  content  of  colostrum,  in  a 
species  studied,  is  about  three  to  four  times  that  of  later  milk. 

4.  Zinc  Deficiency  in  Animals 

Zinc  deficiency  has  not  yet  been  observed  in  man  or  in  farm 
under  naturally  occurring  or  experimental  conditions.  It  is  difficult 

6,  80  (1935).  .  o  •  IK  AM  nci‘19'1 

205  M.  Sato  and  K.  Murata,  J.  Dairy  Sci.  16,  451  (1932). 

206  J.  G.  Archibald,  J.  Dairy  Sci.  27,  257  (1944). 
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imagine  that  it  would  ever  arise  in  grazing  animals,  since  the  zinc  content 
of  pasture  plants  and  forages  usually  lies  within  the  range  30  to  100  p.p.m. 
Zn  on  the  dry  basis.  Even  when  growing  on  soils  in  which  the  plants  re¬ 
spond  to  zinic  applications  in  both  yield  and  composition,  values  below 
10  p.p.m.  rarely  occur.  The  symptoms  of  zinc  deficiency  must  therefore  be 
considered  in  the  rat  and  mouse. 

In  both  these  species  the  only  clinical  evidences  of  deficiency  are  im¬ 
paired  growth,  progressive  emaciation,  and  alopecia.  4  hese  effects  were 
obtained  with  diets  estimated  to  contain  1.6  p.p.m.  Zn  or  less  in  rats'®'*  - 
and  as  little  as  0.3  p.p.m.  Zn  in  mice.-*’®  In  this  latter  work  the  deficiency 
was  so  severe  that  18%  of  zinc-deficient  mice  died  within  8  weeks,  although 
100%  of  the  controls  survived.  Specific  pathological  changes  and  a  reduced 
activity  of  several  enzyme  systems  also  occur,  but  their  relationship  to  the 
symptoms  of  zinc  deficiency  are  by  no  means  clear.  The  histological  changes 
accompanying  zinc  deficiency  in  rats,  as  found  by  Folks  et  are  as 

follows:  extreme  parakeratosis  of  the  esophagus  with  a  thick  layer  of 
keratinized  cells,  hyperkeratinization  of  the  skin  with  thickening  of  the 
epidermis,  and  loss  of  hair  follicles  but  not  of  sebaceous  glands.  Vasculari¬ 
zation  of  the  cornea  and  leucocyte  infiltration,  reminiscent  of  riboflavin 
deficiency,  occur  in  some  animals. 

Highly  purified  preparations  of  at  least  three  enzymes  have  been  shown 
to  contain  zinc,  namely  carbonic  anhydrase,'®®  uricase^io  and  kidney  phos¬ 
phatase.^"  Figures  for  the  zinc  content  of  carbonic  anhydrase  range  from 
0.16  to  0.35%.  There  is  some  evidence  that  the  lower  figure,  actually  0.2% 
Zn,  is  correct  for  human  carbonic  ahnydrase  and  that  the  higher  figure  is 
for  the  enzyme  prepared  from  ox  and  sheep  blood. Carbonic  anhydrase 
is  widely  distributed  throughout  the  animal  body  and  is  present  in  rela- 
ti\ely  high  concentration  in  the  red  blood  cells,  the  gastric  mucosa,  and 
the  renal  cortex.  It  catalyzes  the  reaction  H2O  +  CO2  ;=i  H2CO3,  facilita¬ 
ting  the  conversion  of  CO2  derived  from  the  tissues  to  bicarbonate  in  the 
blood  and  the  breakdown  of  bicarbonate  to  release  CO2  in  the  lungs.  This 
reaction  could  not  proceed  at  a  rate  sufficient  to  maintain  life  were  it  not 
tor  the  presence  of  carbonic  anhydrase  in  the  red  cells,  Init  the  minimum 
amounts  compatible  with  normal  respiratory  function  are  not  yet  known 
The  carbonic  anhydrase  activity  of  the  blood  of  zinc-deficient  rats  was 
not  significantly  reduced  under  the  experimental  conditions  imposed  by 
Hove  .nd  associates.-  Neither  was  the  liver  uricase  of  such  aiLals  re 

“•H  b®'e  SkM  I'  S' 

209  ^  ^  *7.  Nutrition  33,  27  (1947). 
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duced,  although  there  was  a  rise  in  the  plasma  uric  acid.^^*  In  zinc-deficient 
rats  and  mice,  however,  a  reduction  in  intestinal  phosphatase  activity, 
without  any  measurable  impairment  of  carbonhydrate  metabolism, and 
a  marked  reduction  in  liver  and  kidney  catalase  activity^®'^  have  been  demon¬ 
strated.  It  is  apparent  that  zinc  is  essential  for  the  proper  functioning  of  a 
number  of  enzyme  systems  within  the  body,  but  it  is  equally  apparent 
that  it  must  be  involved  in  other  functions,  not  necessarily  related  to 
either  carbonic  anhydrase,  uricase,  or  even  intestinal  phosphatase,  be¬ 
cause  significant  retardation  of  growth,  emaciation,  and  alopecia  occur 
in  zinc  deficiency  before  there  is  a  measurable  reduction  in  the  activity 
of  these  enzymes. 


5.  Zinc  and  Insulin 

Despite  numerous  experiments  indicating  that  the  pancreas  is  involved 
in  zinc  metabolism  and  that  the  addition  of  zinc  to  insulin  solution  causes 
a  delay  in  its  physiological  action  and  prolongs  the  hypoglycemia,  there 
is  still  no  conclusive  evidence  that  this  element  plays  any  part  in  the  noi- 
mal  production  or  action  of  insulin  in  vivo.  Insulin,  as  ordinarily  prepared, 
contains  zinc,  and  when  the  ash  content  of  crystalline  insulin  is  lowered 
the  hormone  will  not  again  crystallize  unless  salts  of  zinc,  or  of  nickel, 
cobalt,  or  cadmium,  are  added.  The  amounts  of  these  metals  which  com¬ 
bine  vdth  the  insulin  are  fixed  and  roughly  proportional  to  the  atomic 
weights  of  the  elements.  This  suggests  that  they  are  not  merely  contami¬ 
nants  but  are  chemically  combined  constituents  of  the  insulin  molecu  e. 
Cohn  and  co-workers^^^  crystallized  two  pure  amorphous  prepar^ions  of 
insulin  with  salts  of  radioactive  zinc  and  found  0.31%  and  0.36%  Zn  in 
the  two  crystalline  products  formed.  As  indicated  earlier,  however  the 
zinc  content  of  the  pancreas  of  diabetics  is  not  significantly  'o™  ‘^a" 
that  of  non-diabetics,  although  the  insulin  content  ,s  markedly  loi  e  . 
This  of  course,  does  not  prove  that  zinc  plays  no  part  in  insulin  production 
but  it  seems  to  rule  out  lack  of  zinc  in  the  diabetic  pancreases  as  the  reason 

for  the  reduced  insulin  production. 

Studies  with  radioactive  zinc  have  shown  that  f  If 

doffs  and  mice  is  one  of  the  most  active  organs  of  the  bod>  m  te  . 
turnover  of  zinc.''«  A  considerable  proportion  of  such  zinc  is  excreted  i 

.1,  L.  w.  Wachtel,  E.  Hove,  C.  A.  Elvehiem,  and  E.  B.  Hart,  Biol.  Ckeo..  138, 

361  (1941).  In'  R  Hart  Ain  J.  Physiol.  119»  768  (1937). 

:::  l  Uvi^oa,  ;nd  M.  H.  B,anehard,  Science  30,  .S3 

...  S'e’ Sheline,  I.  L.  Chaikoff,  H.  B.  Jones,  and  M.  L.  Monlgomery,  J.  Biol. 

Chem.  147,  409  (1943). 
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the  pancreatic  juice  of  the  dog,  whereas  only  a  minute  proportion  is  ex¬ 
creted  in  the  bile.^” 


6.  Zinc  and  Human  Nutrition 

No  suggestion  of  zinc  deficiency  in  human  nutrition  has  been  made, 
apart  from  that  of  Eggleton,^*^'’  who  suggests  that  zinc  deficiency  may  be  a 
factor  in  the  beriberi  syndrone.  It  is  also  faintly  suggested  by  the  finding 
of  Stevenson-i*  that  the  blood  of  premature  infants  has  a  low  carbonic 
anhydrase  activity.  Preschool  children  have  been  shown  to  retain  dietary 
zinc  in  amounts  of  0.3  mg.  per  kilogram  body  weight  per  day  by  one 
worker-^®  and  of  0.4  to  0.6  mg.  per  kilogram  per  day  by  others. This 
corresponds  to  an  intake  of  7  to  14  mg.  Zn  daily  for  a  50-lb.  child.  The 
average  daily  intake  of  zinc  from  normal,  well-balanced  diets  by  adults, 
according  to  Eggleton,  is  about  12  mg.,  or  about  6  mg.  from  the  diets 
of  the  poorer  class  of  people  in  South  China.  The  first  figure  corresponds 
well  with  the  amounts  of  zinc  which  several  workers  have  shown  to  be 
excreted  daily  in  the  feces  and  urine.  Practically  all  food-ingested  zinc  is 
eliminated  in  the  feces.  This  has  been  shown  with  normal  zinc  in  balance 
studies  in  human  subjects^^^-  and  in  studies  with  dogs  and  mice  in 
which  radiozinc  was  employed.^i®  The  minute  amounts  of  zinc  normally 
appearing  in  the  urine  (0.3  to  0.9  mg.  daily)  do  not  vary  with  the  intake  of 
zinc,  even  when  the  plasma  zinc  level  is  raised  following  zinc  injections. 
Apparently  the  kidney  has  no  capacity  to  excrete  zinc.  The  trace  which 
does  appear  in  the  urine  is  possibly  only  an  end  product  of  a  metabolic 
function  of  the  kidney  itself,  as  McCance  and  Widdowson  have  suggested. 


VII.  Iodine 

Iodine  is  unique  among  the  trace  elements,  not  only  because  of  its  very 
long  and  interesting  history  in  relation  to  a  disease  of  man  and  his  domestic 
animals  (endemic  goiter)  but  also  because  it  functions  as  an  indispensable 
constituent  of  a  hormone,  thyroxine  of  the  thyroid  gland,  which  exercises 
control  over  the  rate  of  energy  metabolism  and  influences  many  other  func¬ 
tions  of  the  body.  No  other  functions  for  iodine  in  the  nutrition  of  the  higher 
animals  are  known,  and  for  no  other  trace  element  is  there  similar  clear 
and  unequumcal  evidence  of  essentiality  for  the  proper  functioning  of  an 
endocrine  gland  m  vivo.  The  significance  of  a  properly  functioning  thyroid, 

'''  E.  Sheline,  and  I.  L.  Chaikoff,  J.  Exptl.  Med.  78,  151 
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and  therefore  of  adequate  dietaiy  iodine,  is  related  to  much  more  than  the 
regulation  of  energy  metabolism,  although  this  appears  to  be  primary. 
It  vitally  concerns  such  important  physiological  processes  as  physical  and 
mental  growth  and  development,  reproduction,  lactation,  and  egg  pro¬ 
duction. 

A  vast  literature,  far  greater  than  that  of  all  the  other  trace  elements 
combined,  exists  on  the  physiology  of  iodine.  It  is  obviously  impossible  to 
deal  adequately  with  all  phases  of  this  element  if  this  chapter  is  to  be  kept 
within  reasonable  bounds.  Such  aspects  as  the  historical  development  of 
our  knowledge  of  the  role  of  iodine,  the  pathology  of  the  thiyoid  gland,  and 
the  extremely  interesting  modern  work  with  artificially  iodinated  proteins 
are,  therefore,  reluctantly  omitted.  Nevertheless,  three  events  of  outstand¬ 
ing  historical  importance  must  at  least  be  mentioned.  These  are  (1)  the 
demonstration  by  Baumann,""®  in  1895,  that  iodine  is  a  normal  constituent 
of  the  thyroid  gland  and  that  the  amount  in  the  thyroid  diminishes  in 
endemic  goiter,  (2)  the  isolation,  in  crystalline  form,  of  the  active  con¬ 
stituent  of  this  gland  by  Kendall®^'^  in  1915,  which  he  found  to  contain 
60%  iodine  and  named  thyroxine,  and  (3)  the  working-out  of  the  structure 
and  the  synthesis  of  thyroxine  by  Harington  and  Barger-®®  in  1927. 

It  is  well  to  point  out  at  this  stage  that  the  terms  thyroxine  and  thyroid 
hormone  are  by  no  means  synonymous.  Thyroxine  is  prepared  from  the 
thyroid  only  by  fairly  drastic  hydrolysis.  Thyroid  hormone  is  a  generic 
term  indicating  any  substance  which  will  relieve  human  myxedema  and 
whose  administration  causes  a  specific  sequence  of  biological  e^^ents.  A 
number  of  these  substances  are  known,  of  which  thyroxine  is  one.  Ihey 
vary  in  their  physical  and  chemical  constitution,  but  all  contain  a  sing  e 
common  denominator  which  is  essential  for  physiological  activity.  This 
is  now  known  to  be  a  chemical  grouping  named  thyronine®®®  which  consists 
of  a  diphenyl  ether  combination  with  a  phenolic  hydroxyl  group  at  one 
end  and  a  substituted  alanine  chain  at  the  other.  All  thyro-aotive  sub¬ 
stances  contain  the  thryonine  nucleus,  and  all  those  prepared  ivom  na U  ral 
sources  or  with  a  substantial  degree  of  activity  co.rtani  iodine  ^ 

in  the  inner  aromatic  ring.  Thyroxine  contains  iodine  substituted  m  t  ^ 
3,5  positions  in  both  ring.s.  Removal  of  the  t™  outer  iodine  atoms  (3 
results  in  a  loss  of  over  90%  of  the  activity  of  thyroxine.  ;  ™ 

iodine  atoms  are  removed,  no  measurable  activity  ^1 

indicate  the  essential  nature  of  both  thyronine  and  iodine,  although  y 

223  E  Baumann,  Z.  physiol.  Chem.  22,  1  (1896-1897). 
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iodine  should  not  be  classed  with  thyronine  in  this  way,  smcc  both  tetra 
bromthyronine  and  tetrachlorothyronine  show  weak  thyroidal  activity. 


CH2CHNH2COOH 


Thyronine  [4-(4'-Hydroxyphenoxy)phenylalanine] 

I  I _ 

OH— O— Cn2CHNn2COOH 
I  I 

Thyroxine  [Tetraiodothyronine] 

1.  Iodine  Content  of  Tissues  and  Organs 


Iodine  has  been  shown  to  occur  in  every  cell  of  the  body,  but  the  total 
amount  in  the  whole  body  is  extremely  small.  In  the  human  adult  it  usually 
ranges  from  20  to  50  A  high  proportion  of  this  total,  variously  esti¬ 

mated  to  be  20  to  40%,  is  concentrated  in  the  thyroid  gland- — a  tremendous 
concentration  in  view  of  the  fact  that  the  mass  of  this  gland  is  normally 
only  one  five-hundredth  of  the  whole  body.  The  other  great  iodine  reserve 
of  the  body  exists  in  the  skeletal  muscles.  The  concentration  of  iodine  in 
the  muscles  is  less  than  one-thousandth  of  that  in  the  thyroid,  but  the 
total  muscle  iodine  is  not  far  from  equal  to  the  total  thyroid  iodine.  The 
concentration  in  the  ovaries  is  about  three  to  four  times  that  of  the  muscles 
and  is  higher  than  in  any  tissue  of  the  body  except  the  thyroid,  not  only 
in  the  human  body  but  in  all  species  studied. There  is  evidence  of  a 
cyclic  change  in  ovarian  iodine  in  association  with  ovarian  activity,  and  of 
lower  values  before  puberty  and  after  the  menopause  in  women,  but  much 
of  this  work  needs  to  be  repeated  with  improved  modern  methods. 

The  above  figures  refer  to  total  iodine  which  includes  inorganic  iodide 
and  organically  bound  iodine.  The  concentrations  of  inorganic  iodide  in 
the  tissues  are  extremely  low,  of  the  order  of  1  to  2  Mg.%,  and  are  in  equi¬ 
librium  with  the  circulating  iodide  of  the  body  fluids. It  seems  that  iodide 
10ns,  like  chloride  ions,  permeate  practically  all  tissues  and  are  distributed 
m  extracellular  fluids  much  like  chlorides,  as  described  by  Peters. Idie 
concentrations  of  inorganic  iodide  in  both  tissues  and  fliiids'are  very  greatlv 
increased  during  the  therapeutic  administration  of  iodide,  both  at  the 
prophylactic  levels  nece.ssary  for  the  treatment  of  simple  goiter  and  at 
the  much  higher  levels  used  in  exophthalmic  goiter.230  The  concentrations 
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of  organically  bound  iodine  in  the  tissues  are  also  normally  small  (about 
5  Mg-%  in  muscle).  Much  remains  to  be  learned  about  this  fraction.  Its 
solubility  is  different  from  that  of  thyroxine  added  to  tissue  extracts,  and 
its  distribution  is  not  uniform  between  the  muscle  protein  fractions  of 
Szent-Gyorgyi  (myosin  and  actin).^^^  However,  the  amounts  in  the  tissues 
decrease  in  hypothyroidism  and  increase  in  hyperthyroidism. 2*2  it  seems 
probable  that  it  consists  largely  of  thyroxine  loosely  bound  to  protein. 


2.  Iodine  in  the  Thyroid  Gland 

The  concentration  of  total  iodine  in  the  thyroid  varies  widely  with  the 
iodine  intake,  with  the  activity  of  the  gland,  with  age,  and  with  the  in- 
divddiual,  but  there  is  no  conclusive  evidence  that  it  varies  significantly 
with  either  sex  or  species,  except  that  seafish  have  thyroids  very  much 
richer  and  rats  have  thyroids  slightly  lower  in  iodine  than  most  mammalian 
species.  The  concentration  in  the  normal,  healthy  thyroid  of  mammalian 
species  ranges  usually  from  0.2  to  0.5%  I  on  the  dry  basis.  The  total  amount 
in  the  normal  adult  human  thyroid  is  about  8  mg.  In  endemic  goiter  this 
amount  may  be  reduced  to  as  low  as  1  mg.,  but  the  concentration  is  more 
affected  than  the  total  content  because  of  the  characteristic  compensatory 
hv'perplastic  changes  which  take  place  in  the  gland  in  this  condition. 
Marine^*®  showed  long  ago  that,  when  the  iodine  concentration  in  the 
thyroid  falls  below  0.1%  hyperplastic  changes  are  regularly  found,  so  that 
0.1%  may  be  regarded  as  somewhere  near  the  minimum  effective  level  in 
the  gland.  Marine’s  claim  has  been  substantially  confirmed  in  a  recent 
study  with  sheep  and  pigs  made  by  Andrews  and  associates. 2®^  These 
workers  found  a  significant  inverse  correlation  between  iodine  concentra¬ 
tion  and  height  of  the  thyroid  epithelium  in  these  species.  Sheep’s  thyroids 
showing  moderate  and  marked  hyperplasia  contained,  respectively,  0.04% 
and  0.01%  I  on  the  dry  basis.  Pigs’  thyroids  shovdng  only  slight  hyper¬ 
plasia  contained  0.11%  I.  Feeding  stabilized  iodized  salt  to  these  animals 
completely  eliminated  the  hyperplasia  of  the  follicular  epithelium  an 
increased  the  iodine  content  of  the  glands  so  that  veiyMew  members  of 
either  the  sheep  or  swine  herds  contained  less  than  0.2%  and  none  less 
than  0  12%  I  on  the  dry  basis. 

Iodine  is  believed  to  exist  in  the  thyroid  in  the  followmg  forms:  .norgan:e 
iorlide,  thyroxine,  diiorlotyrosine,  polypeptides  contammg  thyroxme  '  - 
diorlotyrosine,  and  thyroglobniin.  Monoiodotyros.ne  may  also  ex  st  m 
thyroid  tissue  According  to  Salter, thyroxine  and  dnodotyrosme  do  i 
exit  in  tlm  free  state  in  significant  concentrations,  an<l  morgan.c  mdule 

W.  T.  Salter  and  McA.  W.  Johnson,  J.  Clin.  Endocrinol.  8,  924  (1948). 

D.  Marine,  Physiol.  Revs.  2,  621  (1®)-  Vestal  and  L.  P-  Doyle, 

=3.  F.  N.  Andrews,  C.  L.  Shrewsbury,  C  Harper,  C.  M.  Vestal,  anu 

J.  Animal  Sci.  7,  298  (1948). 
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constitutes  only  about  one-tenth  of  the  total  iodine  present  in  tlie  normal 
eland.  Recent  evidence  suggests  that  the  inorganic  iodide  of  the  thyroid 
is  of  two  types— the  free  and  the  bound.  The  free  iodide  is  in  e(iiiilibrnim 
with  the  iodide  of  the  circulating  plasma  and,  in  turn,  with  the  bound 
iodide  which  is  held  in  loose  combination  by  a  colloidal  system  which  can¬ 
not  pass  cell  membranes. Thyroglobulin,  the  thyroid  “colloid,  is  the 
storage  form  of  the  thyroid  hormone  and  contains  a  vei*y  high  proportion 
of  the  total  iodine  of  the  normal  gland.  It  is  a  very  large  molecule,  com¬ 
parable  in  size  to  the  gamma  globulin  of  blood  plasma,  but  it  is  not  yet 
clear  whether  it  is  a  chemical  entity  in  the  sense  that  the  crystalline  blood 
proteins  are  entities.  Thyroxine  and  diiodotyrosine  have  been  shown  to  be 
bound  in  peptide  linkage  as  an  inherent  part  of  the  polypeptide  chain  of 
the  protein,  but  the  amounts  and  proportions  of  these  amino  acids  and 
therefore  the  iodine  content  of  thyroglobulin  vary  with  the  supply  of  iodine 
available  to  the  gland.  It  is  clear,  therefore,  that  the  native  protein  of  the 
gland  must  be  regarded  simply  as  a  storage  form  and  that  the  thyroid  serves 
several  functions  with  respect  to  iodine.  It  converts  inorganic  iodine  to  a 
higher  state  of  oxidation,  through  diiodotryosine  to  the  physiologically 
active  thyroxine;  it  serv'es  as  a  reserv'oir  for  thyroid  hormone,  which  it  fixes 
and  stores  as  thyroglobulin;  it  regulates  the  release  of  this  stored  hormone 
under  the  control  of  the  pituitary;  and  it  traps  with  veiy  great  efficiency 
the  inorganic  iodide  of  the  body  to  which  the  tissue  and  circulating  “hor¬ 
monal”  iodine  reverts  in  the  course  of  metabolism.  Much  remains  to  be 
learned  of  the  mechanisms,  enzymic  and  otherwise,  by  which  the  thyroid 
is  able  to  perform  these  functions.  This  has  been  very  fully  discussed  by 
Salter in  a  recent  review  and  need  not  be  repeated  here. 

3.  Blood  Iodine 

Values  for  the  total  iodine  content  of  the  whole  blood  of  normal  humans 
have  been  reported  ranging  from  3  to  30  ^lg.  I  per  100  ml.,  with  a  high 
proportion  of  these  values  lying  beteen  8  and  12  /xg.  per  100  ml.^^e  Other 
animal  species  contain  similar  amounts  of  total  iodine  in  their  blood.  AVhen 
iodine-rich  diets,  high  in  marine  fish  or  seaweeds,  are  being  consumed  or 
when  iodides  are  being  administered,  higher  values  are  usual.  In  fact, 
therapeutic  doses  (e.g.,  1  g.  of  Nal)  may  raise  the  level  temporarily  by 
several  hundred  per  cent.  The  establishment  of  these  norms  led  to  repeated 
attempts  to  use  total  blood  iodine  determinations  in  the  clinical  diagnosis 
of  thyroid  diseases  and  in  studying  thyroid  function.  The  results  were  dis¬ 
appointing  mainly  because  of  the  extremely  tedious  and  unsatisfactory 
nature  of  the  chemical  methods  available  but  also  because  total  blood 

'''  slo  Exptl.  Therap.  86. 

C.  B.  Davis,  G.  M.  Curtis,  and  V.  V.  Cole,  J.  Lab.  Clin.  Med.  19.  818  (1934). 
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iodine  includes  both  inorganic  iodide  and  protein-bound  iodine.  It  is  this 
latter  fraction,  properly  determined,  which  gives  a  truer  measure  of  cir¬ 
culating  thyroid  hormone.  Ionized  (inorganic)  iodine  is  normally  veiy  low 
in  blood  (1  to  2  fig.  per  100  ml.)  and  remains  approximately  constant  in 
diffeient  states  of  thyroid  activity.  It  increases  markedly,  however,  when 
exogenous  iodine  enters  the  organism  and  gives  a  “false”  increase  in  pro¬ 
tein-bound  iodine  which  can  lead  to  diagnostic  confusion. The  develop¬ 
ment  of  exceedingly  sensitive  and  relatively  quick  and  simple  catalytic 
methods  of  determining  the  protein-bound  iodine  in  as  little  as  0.5  to  3.0 
ml.  of  serum  or  plasma^®®'  has  revolutionized  the  position.  These  methods 
make  use  of  the  power  of  iodide  to  catalyze  the  reduction  of  ceric  to  cerous 
ions  by  arsenious  acid.  Serum  or  plasma  is  now  very  largely  used  in  the 
determination  of  protein-bound  iodine  for  clinical  purposes,  but  reports 
on  the  distribution  of  iodine  between  the  red  cells  and  plasma  are  con¬ 
flicting. 

The  protein-bound  iodine  of  normal  human  blood  serum  or  plasma, 
frequently  referred  to  as  the  serum-precipitable  iodine  (S.P.I.),  has  been 
found  to  be  much  less  variable  than  the  total  blood  iodine  of  earlier  workers. 
The  limits  of  normality  have  repeatedly  been  established  as  3  to  8  ng.  per 
100  ml.,  with  a  mean  value  lying  between  5  and  6  ng.  per  100  ml.^^®' 
Slightly  lower  norms  (3  to  4  /xg.  I  per  100  ml.)  exist  in  the  rat,  the  mouse, 
the  dog,  and  the  domestic  fowl.^^^  In  the  human,  S.P.I.  does  not  appear 
to  be  significantly  influenced  by  age  or  sex,  and  menstrual  changes  are 
small  and  inconsistent.  It  is,  however,  significantly  raised  above  normal  in 
pregnancy  and  in  hyperthyroidism  and  reduced  below  normal  in  hypo¬ 
thyroidism.  Heinemann  and  others-^^'  have  shown  that,  as  early  as  the 
third  week  in  human  pregnancy,  S.P.I.  values  rise  sharply  to  concentrations 
in  the  upper  range  of  normal  or  even  to  levels  which,  outside  of  pregnancy, 
are  characteristic  of  hyperthyroidism  (Fig.  4).  They  have  shown  further 
that,  if  such  a  rise  does  not  occur,  the  pregnancy  is  likely  to  end  in  abortion 
in  the  first  four  months.  This  rise  in  S.P.I.  is  not  attended  by  any  clinical 
evidence  of  excessive  activity  of  the  thyroid  and  occurs  long  befoie  the 
increase  in  B.M.R.  of  pregnancy.  It  would  be  of  great  interest  to  deteimine 
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if  pregnancy  is  accompanied  by  similar  rises  in  S.P.I.  in  other  animal 


species. 


A  relationship  between  level  of  thyroid  activity  and  S.P.I.  level  has  been 
demonstrated  by  many  workers.^^o-  240  The  fall  in  hypothyroidism  and  the 
rise  in  hyperthyroidism  (Fig.  5)  occur  even  when  these  conditions  are  not 
associated  with  corresponding  deviations  in  the  B.M.R.  Such  clianges  in 
the  S.P.I.  levels  do  not  normally  occur  when  hypometabolism  and  hyper¬ 
metabolism  are  not  of  thyroid  origin.  It  is  ob\dous,  therefore,  that  S.P.I. 


11 
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Fig.  4.  Serum-precipitable  iodine  in  the  course  of  normal  pregnancy. 243  Crosses 
represent  single  observations.  Circles  connected  by  lines  represent  repeated  observa¬ 


tions. 


determinations  are  a  valuable  aid  in  clinical  diagnosis  of  thyroid  dysfunc¬ 
tion,  although,  as  Rapport  and  Curtis^^®  are  careful  to  point  out,  “diag¬ 
nosis  of  thyroid  dysfunction  cannot  be  made  from  it  alone,  any  more  than 

a  diagnosis  of  acute  appendicitis  can  be  made  from  the  total  and  differ¬ 
ential  leucocyte  count.” 

In  spite  of  the  great  value  and  wide  clinical  use  of  S.P.I.  as  an  index  of 
thyroid  activity,  its  exact  cheminnl  nnfnro  ic,  r> _ .l  1  .  \ 
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thyroid  activity,  and  (6)  a  much  smaller  diiodotyrosine-like  moiety  which 
contributes  little  to  changes  in  S.P.I. 

3.  The  circulating  thyroid  hormone  consists  of  thyroxine  loosely  at¬ 
tached  to  plasma  protein. 

4.  S.P.I.  provides  a  veiy  good  measure  of  the  level  of  circulating  thyroid 
hormone,  even  under  conditions  of  iodine  therapy,  if  suitable  precuations 
are  taken  to  avoid  “spurious”  elevations.^” 


ug  /lOOcc. 

Fig  5  Distribution  of  protein-bound  iodine  in  normal  subjects  and  in  patients 
whose  thyroid  disease  was  confirmed  by  a  satisfactory  response  to  appropriate  treat- 

ment.®^^ 


4.  Iodine  in  Milk 

Available  data  indicate  that  the  milk  of  all  species  normally  contaim 
small  and  highly  variable  amounts  of  iodine.  Values  ranging  from  o 
more  than  100  ug-  per  100  ml.  have  been  reported.  The 
depends  to  a  large  extent  on  the  level  of  intake  of  iodine  in  the  diet  a 
may  be  raised  far  beyond  “normal”  levels  by  “j 

difficult  to  state  just  what  is  a  “normal”  level,  but  3  to  /  Mg-  per  ^ 
is  a  gooil  representation  of  a  large  number  of  investigations  of  m  k  lom 
cows  on  healthy,  unsupplemented  diets  in  various  P^ 

Orr  and  beitch™  found  that  adding  0.18  g.  I  as  Ivl  daily  to  the  d^t  o 
cows  raised  the  iodine  content  of  the  milk  from  a  “normal  4  to  /  ^g-  P«r 
100  ml.  to  33  //g.  per  100  ml.  Similarly,  Blom-  f 

n  1  0-  KI  dailv  raised  the  iodine  content  of  co^^  s  milk 
2  to'7  Mg  per  IW  it  51  to  107  Mg-  per  100  ml.  The  Percentage  reeo™ry 
in  milk  of  added  dietary  iodine  is  low  and,  according  to  Han  or 

...  J  B  Orr  and  I.  Leitch,  J.  Roy.  Ayr.  Soc.  Engl.  87.  «  3^. 

...  I.'  J.  B.  Blom,  Onderstepoorl  J.  Vet.  Sci.  An,mal  Ind.  2,  139  (1934). 
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sociates,-'*®  of  the  same  magnitude  irrespective  of  the  level  or  form  of  in¬ 
take.  It  has  been  shown  that  milk  iodine  exists  almost  entirely  in  the  skim¬ 
med  milk  fraction  and  not  in  the  fat  and  is  precipitated  with  the  milk 
proteins,  probably  by  simple  adsorption.  But  it  is  not  yet  cleai  whethei 
it  occurs  in  organic  or  inorganic  form,  although  no  thyroxine-like  fraction 
can  be  isolated  from  milk  after  hydrolysis. 2*“ 

The  normal  iodine  content  of  goat’s,  ewe’s,  and  human  milk  appears  to 
be  of  the  same  order,  although  slightly  higher  than  that  of  cow’s  milk, 
but  the  values  reported  are  so  variable  that  it  is  virtually  impossible  to 
make  valid  comparisons.  Values  of  5  to  24  ng.  I  per  100  ml.  are  quoted  by 
Salter^^o  fQj.  human  colostrum,  and  8  to  4  fxg.  I  per  100  ml.  for  human  milk 
after  lactation  has  been  established.  Therapeutic  doses  of  iodide  of  1  g. 
or  more  given  to  the  mother  can  result  in  milk  containing  several  milli¬ 
grams  per  cent  In  the  milk  of  all  species  studied  the  bulk  of  evidence 
suggests  that  the  iodine  content  of  colostrum  is  lower  than  that  of  true 
milk,  which  contrasts  greatly  with  the  position  in  all  other  trace  elements 
studied. 


5.  Iodine  Metabolism 

During  the  last  centuiy  a  good  deal  has  been  learned  about  the  distri¬ 
bution  of  iodine  throughout  the  body  and  its  relation  to  thyroid  function. 
These  aspects  have  been  considered  in  preceding  sections.  In  this  section 
some  of  the  findings  on  the  metabolism  of  iodine  made  by  means  of  radio¬ 
iodine  will  be  discussed.  Radioiodine  has  proved  an  exceptionally  useful 
tool  in  the  study  of  iodine  metabolism  and  thyroid  function  because  (1) 
it  permits  the  use  of  physiological  quantities  of  material  under  physiological 
conditions,  (2)  it  'Tags”  a  given  dose  with  respect  to  time,  and  (3)  it  can 
be  measured  in  body  fluids  and  tissues  in  intact  animals  with  satisfactory 
accuracy— -a  point  of  considerable  importance  in  view  of  the  difficulties 
inherent  in  the  determination  of  the  minute  amounts  of  stable  iodine  pres¬ 
ent.  At  first  the  only  radioiodine  available  was  which  has  a  half-life  of 

isotope,  but  the  advent 

o  I  with  a  half-hfe  of  8  days  has  greatly  facilitated  investigations.  These 
have  involved  the  use  of  inorganic  iodides  containing  radioiodine  and  of 
ca  origemcally  active  materials  containing  radioiodine  in  organic  com- 

anTtr'i  in  an  anabolic  phase 

the  latter  in  a  catabolic  phase  of  iodine  metabolism.  Studies  have  been 

made  with  normal  individuals  and  with  patients  suffering  from  various 

Z  I'  n  ■  p-  C.  Supplee,  and  L.  T.  Wilson,  J.  Dairy  Set  17  771 

(1949)  ««earc/.  4  4» 
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A  number  of  differences  in  the  metabolism  of  radioiodine  present  in 
inorganic  iodides  and  in  physiologically  active  organic  compounds  have 
been  disclosed.  Inorganic  iodide  is  rapidly  and  probably  completely  ab¬ 
sorbed  from  the  small  intestine  at  an  exponential  rate  which  varies  more 
or  less  in  direct  proportion  to  the  level  of  thyroid  activity. Ordinarily 
very  little  (about  2%)  of  it  appears  in  the  feces.^"*^  Hypothyroid  patients 
excrete  over  85%  in  the  urine  in  5  days  as  compared  with  65%  in  normal 
indi\'iduals  in  2  days  and  less  for  hyperthyroid  subjects.  These  values  rep¬ 
resent  the  position  when  veiy  small  doses  are  given  and  are  believed  to  re¬ 
flect  the  natural  state  of  iodide  metabolism  in  man.  Absorption  of  physio¬ 
logically  active  organic  iodine  compounds,  on  the  other  hand,  is  measurably 
slower  and  varies  somewhat  with  the  metabolic  level  of  the  subject;  i.e., 
it  is  faster  in  the  normal  than  in  the  hypothyroid  individual.  Moreover,  a 
substantial  proportion  of  the  dose  (11  to  60%)  appears  in  the  feces,  all 
of  which  is  organically  bound. 2“^  It  should  be  noted,  however,  that  the 
fecal  iodine  after  inorganic  iodide  has  been  administered  is  also  organically 
bound.  The  iodine  which  is  excreted  in  the  urine  after  the  administration 
of  organically  bound  iodine  is  largely  inorganic  iodide,  indicating  that  the 
major  pathway  of  organic  iodine  metabolism  is  deiodination.  4  he  small 
fraction  of  urinary  iodine  which  is  in  organic  combination  has  the  solu¬ 
bility  characteristics  of  diiodotyrosine.  No  significant  fraction  behaving 
like  thyroxine  has  yet  been  demonstrated  in  urine.  This  indicates  that, 
in  addition  to  deiodination,  there  is  a  cleavage  of  thyroxine  into  diiodo¬ 


tyrosine. 

Absorbed  inorganic  iodide  disappears  from  the  blood  at  an  exponential 
rate  which  is  the  sum  of  the  individual  rates  of  removal  by  the  thyroid, 
the  kidneys,  and  other  tissues.  Each  of  these  takes  place  at  rates  propor¬ 
tional  to  its  concentration  in  blood.^'*^  An  idea  of  the  relative  importance 
of  these  three  pathways  can  be  gained  from  the  fact  that  m  norma 
human  adults  the  thyroid  accumulates  iodide  at  the  rate  of  about  2.5%  per 
hour,  the  kidneys  excrete  it  at  the  rate  of  about  6%  Pfr  ‘‘o",  and  the 
rest  of  the  tissues  of  the  Ixxly  at  about  1  to  2%  per  hour  “aiked 

concentrating  power  of  the  thyroid,  the  iodide  “trap”  to  wh.ch  earl  r 
reference  has  been  made,  varies  with  the  activity  of  the  gland.  !'> 
thalmic  goiter  the  rate  of  accumulation  appro^mates  ^ 

ner  hour  or  eight  times  the  rate  of  the  euthyroid  indmdual.  Although  the 
tracer  is  ’accumulated  faster  and  to  a  larger  degree  by  the  ^ 

thvroidism  it  is  soon  lost  as  the  hyperactive  gland  expends  its 
hoLone  The  appearance  and  disappearance  of  tracer  iodide  in  the  thyro 
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per  minute,  whereas  the  ‘average’  exophthalmic  goiter  clears  130.”  The 
sensiti^’ity  of  this  index  can  be  gauged  from  the  fact  that  the  maximal 
accumulation  in  Graves’  disease  rarely  exceeds  three  times  the  euthyroid 
value. 


G.  Minimum  Iodine  Requirements 

Attempts  to  establish  the  minimum  iodine  requirements  of  animals 
have  been  made  by  various  means,  none  of  which  have  been  entirely  satis¬ 
factory.  Comparisons  of  the  estimated  amounts  of  iodine  ingested  and 
excreted  in  goitrous  and  in  non-goitrous  areas  have  given  useful  data 
but  can  be  misleading  because  of  the  great  fluctuations  in  intake  from  food 
and  water  and  the  difficulty  of  assessing  borderline  states  of  deficiency. 
Balance  experiments  have  been  valuable,  but  in  addition  to  the  difficulties 
inherent  in  all  balance  experiments  with  trace  minerals  (see  p.  444)  there  are 
special  difficulties  with  iodine.  Excretion  occurs  to  a  variable  exdent  through 
the  skin  and  lungs,  as  well  as  in  the  feces  and  urine.  These  must  be  taken 
into  account.  Further,  the  efficiency  with  which  the  thyroid  salvages  iodine 
Rom  the  breakdown  of  iodine  compounds  in  the  body  and  the  amount  of 
mdine  released  by  the  destruction  of  tissue,  particularly  the  muscles,  are 
important  factors  determining  the  net  iodine  balance. 

A  more  precise,  but  still  somewhat  arbitraiy,  means  of  assessing  mini¬ 
mum  iodine  requirements  is  through  the  use  of  iodine-low  diets  to  which 
graded  amounts  of  iodine  are  added.  The  minimum  requirements  are 
taken  as  those  just  necessary  to  either  (1)  maintain  a  concentration  of 
0.  %  I  m  the  moisture-free  thyroid  gland  or  (2)  prevent  any  significant 
enlargement  of  this  gland.  Levine  and  associates^"  have  used  these  criteria 
and  set  the  minimum  requirement  of  the  rat  as  0.9  jig.  I  per  <lav  bv  the 
fiist  and  to  2  Mg.  I  per  day  by  the  second  criterion.  If  these  two  measures 

I  da‘t'‘neri  mn  t  '“‘  l  ‘he  rat  requires  20  to  40  Mg. 

1  daily  per  1000  food  calories  consumed.  On  the  same  basis  the  average 

I  pT  day  This°rr™  '»  to  120  Mg. 

equilibrium  or  positive  balance  when  the  inbllm  < huf^sTo  To  1,;" 

to  'pe“  -  justifiably  be  applied 

:p:iv:ft:u:ir.T 

™h.ries  of  the  ration  be  consid- 

V.  V.  Cole  ond  G.  M  CiSus  ’ r  "  ^'^rition  6,  347  (1933) 

2B0  T  Qokaff  r>-  7  j.  Nutrition  10,  493  nQ3';'i  ''  ’ 

E.  bcheffer,  Biochem.  Z.  269,  11  (1933),  ^ 
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ered  as  the  minimum  requirements  for  farm  animals.”  Unfortunately,  no 
such  “precise  data”  are  yet  available.  The  fact  that  goiter  does  not  com¬ 
monly  occur  among  livestock  in  many  areas  where  it  occurs  to  a  mild  hut 
definite  degree  in  the  human  population  suggests  a  lower  iodine  require¬ 
ment  for  farm  stock;  but  when  the  veiy  different  dietaiy  habits  of  these 
species  and  the  range  in  iodine  content  of  various  food.stuffs  are  taken  into 
consideration  such  a  deduction  becomes  dubious,  if  not  untenable.  A  further 
point  of  some  importance  is  that  in  adult  rats  and  human  beings  energy 
intake  and  heat  production  are  nearly  the  same,  whereas  in  farm  animals 
gross  energy  intake  frequently  greatly  exceeds  heat  production.  The  re¬ 
quirement  for  iodine  is  more  properly  related  to  heat  production  than  to 
energy  intake,  if  it  is  assumed  that  the  destruction  of  thyroxine  is  propor¬ 
tional  to  the  metabolic  rate  it  induces.  Mitchell  and  jMcClure-^^  have  cal¬ 
culated  the  minimum  iodine  requirements  of  various  classes  of  farm  ani¬ 
mals  by  applying  Levine’s  standards  to  estimates  of  heat  production  as 

follows : 


Animal 

Body  weight,  lb. 

Heat  production,  cal. 

Iodine  requirement,  g./day 

Chicken 

5 

225 

4.5-9 

Sheep 

no 

150 

2,500 

4,000 

50-100 

80-160 

X  ig 

Cow  in  milk  (40  lb.  daily) 

1,000 

20,000 

400-800 

It  is  worth  noting  that  these  estimates  of  requirements  compare  ex¬ 
tremely  well  with  the  minimum  consumption  figures  given  by  Orr  and 
Leitch252  for  these  species  in  non-goitrous  areas,  except  for  the  cow.  Ap¬ 
parently  the  cow  ordinarily  consumes  very  much  more  iodine  than  it 


V  iodine  requirements  of  the  normal,  healthy,  resting  adult  may  he 
greatly  increased  in  various  functional  activities  and 
Lenuous  physical  exercise  and  fever  or  infection  ^ 

Diirine  pregnancy  and  lactation  there  is  also  a  consideiable  inciea 

reipdrement.  at  least  in  the  human  species.  Further  mvestigatton 
of  this  point  for  farm  stock  is  badly  needed,  although  it  is  ^ 

1  tha  the  birth  of  .lead  or  weak  and  hairless  foals,  calves,  lambs.  ^1 
Lets  is  the  most  obvious  sign  of  iodine  dehc.eiicy  ...  ‘ 
ther,  the  requirements  for  growth  are  signi  can  y  ,  .,2  44 

Lmtenance  in  all  species  studied.  Growing  s  u  L  n 

>n.de„ce 

:::  ?  B%rr  aLl'  • 
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consideration  of  iodine  requirements.  Little  is  known  of  the  forms  of  iodine 
in  foods  and  their  relation  to  iodine  uptake,  but  provided  that  there  is 
not  a  marked  excess  of  elements  such  as  arsenic  and  fluorine,  for  which  there 
is  some  evidence  of  iodine  antagonism  (see  pp.  498-499’®^'  or  a  high 
consumption  of  certain  goitrogenic  substances  present  in  some  foods  (dis¬ 
cussed  below)  it  can  be  stated  with  confidence  that  iodine  content  is  the 
only  dietary  factor  ordinarily  influencing  thyroid  function, 

7.  Goitrogenic  Substances  in  Food 

Innumerable  experiments  have  established  beyond  doubt  that  simple 
or  endemic  goiter  is  associated  with  a  deficient  intake  of  iodine  in  the  food 
and  water,  and  that  the  use  of  iodized  salt,  or  other  sources  of  supple¬ 
mental  iodine,  is  accompanied  by  a  marked  decrease  in  tlie  incidence  of 
such  goiter  in  the  human  and  stock  populations.  Ne\"ertheless,  cases  of 
non-toxic  thyroid  enlargement  occur  sporadically  where  the  iodine  in¬ 
gestion  is  well  above  the  estimated  requirements.  No  really  satisfactory 


HjC— Nv 

I  > 

H2C=C— c— 

H  H 


c=s 


Fig.  6.  L-5-Vinyl-2-thiooxazolidone,  the  anti-thyroid  compound  of  the  cabbage 
family.2“ 


explanation  of  these  cases  can  yet  be  given,  although  in  some  instances 
they  can  be  related  to  the  consumption  of  unusually  large  amounts  of 
certain  foods  which  have  been  shown  to  be  goitrogenic.  Extensive  experi¬ 
ments  with  rats  and  with  humans  have  particularly  implicated  cabbage 
cauliflower,  broccoli,  Brussel  sprouts,  white  and  yellow  turnips  or  “swedes’’ 
(rutabagas),  and  Brassica  seeds. Soybeans  have  also  been  shown  to  be 
definitely  goitrogenic  in  the  rat  and  the  chick^^^  vegetables  and 

nuts,  such  as  strawberries,  pears,  and  carrots  have  been  found  to  possess  a 
certain  degree  of  antithyroid  activity  in  man.^s^ 

of  all  these  foods  is  due  to  the 
me  chemical  compound  or  compounds  or  to  the  same  mechanism  within 
he  animal  body  Astivood  and  his  associates^*  have  wholly  or  predomi 
nantly  accounted  for  the  antithyroid  activity  of  Brassica  seeds  bv  Z 
presence  m  these  seeds,  m  a  combined  inactive  form,  of  a  compound  which 

6)  the  rtiZroW  L-5-vinyl-2-thiooxa2olidone  (Fig 

o;  the  antithyroid  compound  of  the  cabbage  family. 26  ^ 

““  -f-  Clin.  Endocrinol.  9,  1069 

43  «9«b  «•  G-tavson,  NutriUon 

”‘M.  A,  Greer  and  E.  B.  Astwood,  Endocrinology  43.  105  (1948). 
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This  compound  has  been  demonstrated  in  the  edible  portions  of  yellow 
and  white  turnips,  in  addition  to  Brassica  seeds,  but  not  in  the  edible  por¬ 
tions  of  cabbage.-®^  This  raises  a  number  of  interesting  points.  Thiooxazol- 
idone,  like  the  antithyroid  drugs  thiouracil  and  propyl-thiouracil  which  are 
used  as  effective  therapeutic  agents  in  the  treatment  of  the  hyperthyroidism 
of  exophthalmic  goiter,  is  goitrogenic  because  it  inhibits  thyroxine  syn¬ 
thesis  by  the  thyroid  gland.  Administration  of  iodine  e.xerts  a  very  incom¬ 
plete  inhibition  of  the  antithyroid  action  of  these  substances.  Cabbage 
goiter,  on  the  other  hand,  can  be  completely  inhibited  by  iodine  feeding. 
Soybean  goiter  in  chicks  and  rats  can  also  be  prevented  by  iodine  feeding. 
These  facts  suggest  a  similarity  between  the  goitrogenic  action  of  cabbage 
and  soybeans  and  that  of  thiocyanates,  which  can  also  be  inhibited  com¬ 
pletely  by  iodine  administration.  Thiocyanates  apparently  do  not  limit 
thyroxine  synthesis  within  the  thyroid  cells  but  are  believed  to  limit  the 
capacity  of  the  thyroid  to  concentrate  iodide  ions. 

The  above  findings  make  it  clear  that  iodine  content  is  not  always  the 
only  dietary  factor  influencing  thyroid  function  and  iodine  requirements. 
It  must  be  emphasized,  how'ever,  that  goiter  is  unlikely  to  result  if  these 
goitrogenic  foods  are  consumed  in  normal  quantity  and  still  less  likely  if 
they  are  consumed  when  cooked  in  the  ordinary  way.  Greer  et  have 
shown  that  cooking  vegetables  containing  thiooxazolidone,  either  whole  or 
in  chunks,  prevents  any  goitrogenesis,  presumably  by  destroying  the 
enzyme  which  liberates  this  substance  from  its  inactive  precursor.  Only 
where  the  diet  is  composed  almost  entirely  of  goitrogenic  foods  is  the 
amount  of  antithyroid  material  ingested  likley  to  be  sufficient  to  inhibit 
thyroxdne  synthesis  and  cause  goiter.  Some  exdremely  interesting  examples 
of  such  eating  habits,  forced  upon  certain  communities  m  Europe  during 
the  recent  war,  which  were  accompanied  by  an  increased  incidence  of 
simple  goiter  have  been  described.^^® 


8.  Sources  of  Iodine 

By  far  the  major  source  of  iodine  to  the  animal  body  is  the  food  Potable 
waters  generally  contain  extremely  small  amounts  of  iodine  of  the  ordei 
0  2  to  2  «g.  per  liter.-“  Bower  concentrations  than  0.2  /ig.  per  liter  are  com¬ 
mon  in  goitrous  areas,  and  records  are  available  of  particular 
waters  with  extraordinarily  high  iodine  contents,  ^  ^ 

water  supply  does  not  contribute  important  amounts  of  iodine.  1  he  low 
iodine  content  of  potable  waters  in  goitrous  areas  is  not  in  itself  a  8® 

factor  determining  the  incidence  of  goiter  but  is  a  reflection  of  a  lo"’  '“*1 
ontenrot  rocks  and  soils  and  hence  of  the  vegetables  and  other  p  anU^ 
grown  in  these  soils.  Sea  water  is  not  particularly  rich  in  iodine,  m  spite 

«•  A.  T.  Shohl,  Mineral  Metabolism,  American  Chemical  Society,  Monograph  82, 
1939. 
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popular  belief  to  the  contrary.  Orr  and  Leitch252  give  a  figure  of  17  to  18 
Mg.  per  liter,  and  Goldschmidt^^^  a  figure  of  50  Mg-  per  liter.  This  iodine, 
however,  is  greatly  concentrated  in  various  forms  of  marine  life,  particularly 
seaweeds.  Where  seaweeds  are  consumed  as  vegetables,  as  is  the  case  w  ith 
certain  oriental  peoples,  they  constitute  an  extremely  rich  source  of  dietaiy 
iodine.  Figures  as  high  as  0.2%  I  on  the  fresh  basis  have  been  recorded  foi 
some  seaweeds.  Marine  plankton  is  also  very  rich  in  iodine,  but  the  contri¬ 
bution  of  this  iodine  to  human  and  stock  populations  is  largely  indirect 
i.e.,  through  acting  as  a  source  of  nutrient  to  fish.  Remington  and  co-work¬ 
ers^®*  have  shown  that  the  effect  of  marine  plankton  and  seawater,  thrown  up 
in  the  spray,  upon  the  iodine  content  of  soil  and  crops  is  negligible,  except 
for  a  very  narrow  coastal  strip.  The  iodine  contents  of  seafish  and  of  shell¬ 
fish  are  high  but  so  variable  that  it  is  difficult  to  present  average  figures 
which  have  much  meaning.  Monier-Williams®*“  claims  that  400  Mg-  I  P^r 
kilogram  for  seafish  and  900  Mg-  I  per  kilogram  for  shellfish  are  reasonable 
representative  figures  for  these  species.  The  liver  oils  of  many  seafish  are 
exceptionally  rich  in  iodine.  Heddle  and  Brawn^®®  obtained  levels  as  high 
as  several  hundred  parts  per  million. 

All  plants  contain  iodine  in  amounts  ranging  from  2  Mg-  per  kilogram  or 
less  to  several  hundred  times  this  level.  The  concentration  in  land  plants 
used  either  as  human  or  stock  food  depends  far  more  upon  the  available 
iodine  in  the  soil  than  upon  species.  In  fact,  an  outstanding  feature  of  the 
iodine  content  of  plants  is  the  wide  variation  found  in  the  same  species 
grown  in  different  localities.  Adding  potassium  or  sodium  iodides,  or  cer¬ 
tain  manures  containing  iodine,  to  soils  can  markedly  increase  the  iodine 
content  of  the  crops  or  pastures  grown  thereon.  An  idea  of  the  extent  of 


the  variation  in  the  iodine  content  of  different  plant  materials  used  as 
human  food  can  be  obtained  from  the  following  figures  given  by  Orr  and 
Leitch:262  lettuce,  50  to  620  Mg-  per  kilogram;  wheat,  1  to  64  Mg-  per  kilo¬ 
gram;  watercress,  190  to  450  Mg-  per  kilogram;  and  nuts,  15  to  200  Mg-  per 
kilogram.  Monier-Williams®*“  states  that  the  “average”  figures  for  whole 
cereals  taken  from  various  parts  of  the  world  can  be  taken  as  25  Mg-  per 
ilogram  for  vegetables,  30  Mg-  per  kilogram;  and  for  fruit,  10  Mg-  per  kilo¬ 
gram.  Animal  products,  apart  from  seafish  and  shellfish  which  have  been 
mentioned  earlier,  generally  contain  somewhat  lower  levels  of  iodine  than 
green  vegetables.  According  to  Hercus  and  Roberts,26o  who  conducted  a 
comprehensive  survey  of  the  iodine  content  of  foodstuffs  raised  in  goitrous 
and  non-go, trous  d.stiicte  in  New  Zealand,  the  foods  which  contain  most 


2"  V.  M.  Goldschmidt,  J.  Chem.  Soc.  1937,  655. 

J-  Chem.  Soc.  61.  2492 

260  c  F  i:  Brawn,  Can.  J .  Research  18B,  386  (1940) 

C.  E.  Hercus  and  K.  C.  Roberts.  J.  Hyg.  26,  49  (1927). 
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iodine  are,  in  ortler  of  merit,  fish,  green  vegetables,  whole  cereals,  milk, 
meat,  and  root  vegetables.  In  a  normal,  well-balanced  diet,  in  which  large 
quantities  of  fish  are  not  consumed,  the  greatest  contribution  to  the  iodine 
intake  is  made  by  vegetables  and  milk.  However,  there  is  no  evidence  that, 
in  endemic  areas,  sufficient  iodine  can  be  obtained  from  these  or  other 
tlietary  sources  (except  seafish)  to  protect  all  age  groups  from  goiter.  To  do 
this  adtlitional  iodine  must  be  supplied,  either  directly  through  iodized 
table  salt,  tablets,  or  confectionery,  by  addition  of  iodine  to  the  water 
supplies,  or  by  iodide  fertilization  of  vegetables  and  other  crops.  The  intro¬ 
duction  of  iodized  table  salt,  containing  sodium  or  potassium  iodide  in 
proportions  ranging  from  1:50,000  in  the  United  States  to  1:250,000  in 
New  Zealand,  is  generally  considered  the  most  satisfactory. 

VIII.  Bromine 


1.  Distribution  and  Sources  of  Bromine 

Bromine  is  widely  distributed  in  rocks  and  soils  and  especially  in  waters 
and  is  constantly  present  in  plant  and  animal  tissues.  Whether  its  presence 
in  living  tissues  is  merely  fortuitous,  owing  to  passive  ingestion  from  soils 
and  foods,  or  whether  it  has  some  physiological  function  is  still  undecided. 

Study  of  plant  and  animal  materials  shows  that  the  food  regularly  sup¬ 
plies  considerable,  but  highly  variable,  quantities  of  bromine  to  the  human 
body.  Common  salt  can  be  a  particularly  fruitful  source.  One  sample  of 
salt  examined  by  Dixon^ei  contained  no  less  than  1  mg.  Br  per  gram  Cl. 
In  general  ten  to  one  hundred  times  as  much  bromine  as  iodine  occurs 
in  foods  and  water.  Thus  Damiens  and  Blaignan^e^  give  the  bromine  com 
tent  of  bread  as  0.9  to  G.l  p.p.m.  Ford  and  associates^®*  found  2.4  to  7.7 
p.p.m.  Br  in  untreated  white  flours.  Winnek  and  SmitlT-®^  give  values  of 
5.2  and  7.9  p.p.m.  Br  for  two  samples  of  white  flour  but  very  much  higher 
values  for  milk  powder  (40  to  42  p.p.m.)  and  egg  albumin  (94  P-P-m.). 
NeufekP®®  analyzed  a  large  number  of  marine  and  land  plants  and  ount 
the  former  to  be  much  richer  in  Iiromine  than  the  land  plants  common  y 
used  as  food.  The  materials  lowest  in  Iiromine  which  Neufeld  examinee 
were  the  cereal  grains.  These  were  found  to  contain  1  to  11  p.p.m.  Br  on 

Ankllrwiues  are  normally  fifty  to  one  humlrecl  times  richer  in  bromine 
than  they  are  in  iodine,  with  the  exception  of  the  thyroid  gland  fo.  which 

261  T.  F.  Dixon,  Bioc/iem.  J.  28,  86  (1935).  194  2077 

M.  A.  Damiens  and  S.  von  Blaignan,  CompL  rend.  193.  1460  (1931),  194. 

1.1  wTrord,  D.  W.  Kent-Jones,  A.  M.  Malden,  and  II.  C.  Spalding,  J.  Soc.  Chem. 

Ind.  {London)  59,  177  (1940).  r,.  i  riv  no  nQ‘17')-  121.  345  (1937). 

...  P.  S.  Winnek  and  A.  11.  Smith,  J.  Biol.  Chem  J.19.  93  (1937),  1,11, 

265  A-.  H.  Neufeld,  Can.  J.  Research  B14,  160  (1936). 
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the  reverse  holds.  Figures  available  for  the  blood  and  various  organs  of 
man  and  of  the  rat  and  the  pig^®^’  indicate  that  differences  between 

these  species  are  small  and  that  bromine  is  not  especially  concentrated  in 
any  organ  or  tissue  so  far  examined.  The  levels  in  the  various  tissues  are 
markedly  influenced  by  the  level  of  intake  of  bromine,  either  in  the  diet 
or  as  added  bromide,  and  by  the  bromine-chlorine  ratio  of  the  diet  (see 
Table  7).  There  is  an  interchange  between  bromide  and  chloride  in  the 
body  fluids  and  tissues  so  that  the  administration  of  bromide  results  in 
the  replacement  by  bromide  of  a  proportion  of  the  chloride  of  the  body, 
thus  increasing  the  bromine  concentrations  present. Conversely  the  ad¬ 
ministration  of  large  amounts  of  chloride  accelerates  the  elimination  of 
bromide,  thus  reducing  the  bromine  concentrations  present.^®®  Dosing  with 


TABLE  7 

Effect  of  Bromine  Intake  and  Bb:Cl  Ratio  on  the  Bromine  Content 
OF  THE  Tissues  of  Rats  (Winner  and  Smith^®^) 


(Parts  per  million  on  dry  basis) 


Tissues 

Stock  diet,  20  p.p.m.  Br, 
Br:Cl  0.009:1 

Synthetic  diet  plus  KBr, 
20  p.p.m.  Br,  Br :  Cl  0.021 : 

Synthetic  diet  <0.5 
;1  p.p.m.  Br 

Whole  blood 

117-130 

336-503 

2.8-14 

Hair  and  skin 

41-47 

90-170 

3. 5-5. 4 

Liver 

26-29 

39-130 

2. 2-3. 5 

Muscle 

13-17 

41-62 

2. 9-6. 2 

Kidney 

65-70 

220-230 

7-20 

Spleen 

54-56 

160-190 

8-32 

Brain 

25-26 

82-89 

3.3-21 

Young  at  birth 

85-105 

320-410 

7.3-14 

chloride  has  been  recommended  as  a  treatment  for  bromide  intoxication 
for  this  reason. 


1  he  only  attempt  to  produce  a  bromine  low  ration  and  to  test  its  effects 
on  animals  is,  so  far  as  is  known,  that  of  Winneck  and  Smith. These 
workers  prepared  a  specially  purified  diet  containing  less  than  0.5  p.p.m. 
Br.  On  this  diet  rats  made  reasonable  growth  over  a  period  of  1 1  weeks, 
showed  no  signs  of  ill-health,  and  produced  apparently  normal  young.  A 
similar  group  receiving  the  same  basal  diet  plus  20  p.p.m.  Br  as  KBr  made 
no  better  growth  and  and  did  not  differ  in  appearance  or  reproduction 
records  from  the  control  animals.  The  amount  of  bromine  in  the  young 
rats  at  birth  was,  however,  very  much  lower  in  the  unsupplemented  group 
It  is  intere.stnig  to  speculate  upon  the  possibility  of  a  bromine  deficiency 

“®®  H.  Ucko,  Biochem.  J.  30,  992  (1936). 

2®’  M.  F.  Mason,  J.  Biol.  Chem.  113,  61  (1936) 
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arising  in  the  second  generation  on  such  a  bromine-low  diet,  when  the 
bromine  stores  might  be  still  further  depleted.  For  the  present  it  can  be 
stated  that  either  bromine  is  non-essential  or  that  it  is  required  by  the 
rat  at  less  than  0.5  p.p.m.  on  the  diet. 


2.  Bromine  and  Mental  Disease 

A  great  stimulus  to  investigation  of  the  physiology  of  bromine  was 
given  by  the  work  of  Zondek  and  Bier^®®  in  which  the  claim  was  made 
that  the  blood  of  depressive  psychotics  contains  subnormal  concentrations 
of  bromine.  A  further  impetus  to  such  work  was  provided  by  the  claim  of 
Bernhardt  and  Ucko^^“  that  the  pituitary  gland  contains  fifteen  to  twenty 
times  the  bromine  content  of  blood  and  that  a  bromine-containing,  hor¬ 
mone-like  organic  compound  is  stored  in  the  pituitary  and  circulates  in 
the  blood,  causing  sleep  and  a  sedative  effect.  Support  for  these  claims  was 
given  by  several  subsequent  investigations.  The  development  of  improved 
methods  for  the  determination  of  bromine  has  provided  abundant  evidence 
which  completely  invalidates  the  earlier  work.  The  Pincussen  and  Roman 
method  used  by  these  earlier  workers  was  shown  to  be  unreliable  and  sub¬ 
ject  to  gross  errors.  The  bromine  content  of  the  pituitarj'^  is  not  significantly 
higher  than  that  of  blood, 2®^’  2®®  there  is  no  e\’idence  for  the  existence  of  an 
organic  bromine  compound  in  blood, ^®^’  ^®^’  and  the  bromine  content  of 
blood  is  not  significantly  below  normal  in  manic-depressive  states.-®^’ 
Thus  Dixon  found  the  mean  bromine  content  of  ten  normal  human  bloods 
to  be  0.73  mg.  per  100  ml.  (range  0.39  to  1.36)  and  of  twelve  manic-depres¬ 
sive  psychotic  patients  to  be  0.77  mg.  per  100  ml.  (range  0.72  to  1.72). 
Using  a  very  delicate  micromethod,  Conway  and  Flood^^*  obtained  a  lower 
mean  figure  for  normal  human  blood,  namely  0.37  mg.  bromine  100  ml. 


3.  Bromine  and  the  Thyroid 

Although  it  provides  a  very  obvious  field  for  investigation,  a  possible 
relationship  between  bromine  and  iodine  metabolism  has  attracted  ^ely 
feiv  workers.  In  fact,  it  is  not  even  definitely  established  that  the  normal 
thyroid  contains  more  bromine  than  any  other  tisuse  in  the  body.  Perl¬ 
man  and  associates274  studied  the  distribution  of  administered  radioactive 
bromine  and  concluded  from  their  data  that  the  thyroid  showed  a  greatei 
uptake  of  the  labeled  bromine  than  any  of  the  other  tissues  tested  and  tha 
this  uptake  could  not  be  explained  on  the  basis  of  simple  diffusion  from 

269  n.  Zondek  and  A.  Bier,  Klin.  Wochschr.  11,  633,  759  (1932);  12,  55  (1933). 

270  H.  Bernhardt  and  IT.  Ucko,  Biochem.  Z.  170,  459  (1926). 

271  J.  H.  Quastel  and  E.  D.  Yates,  Biochern.  J. 

272  p.  Chatagnon  and  C.  Chatagnon,  Compt.  rend.  202,  1119  (19^b;. 

273  E.  J.  Conway  and  J.  C.  Flood,  Biochem.  J .  ^0.  ).  n941). 

274  I.  Perlman,  M.  E.  Morton,  and  I.  L.  Chaikoff,  Am.  J.  2/s  •  » 
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the  blood  serum.  Baumann  and  co-workers^^®  cound  find  no  more  bromine 
in  the  normal  thyroid  of  rabbits  than  in  the  blood,  but  glands  which  were 
hyperplastic  due  to  a  relative  or  absolute  deficiency  of  iodine  were  found 
to  be  significantly  richer  in  bromine  than  the  blood.  These  workers  argue 
that  thyroid  tissue  can  distinguish  only  imperfectly  between  bromine  and 
iodine,  so  that  in  the  absence  of  iodine  it  seizes  some  bromine  in  its  place. 
When  iodine  is  supplied  to  animals  with  hyperplastic  thyroids  they  quickly 
lose  the  bromine  which  was  accumulated  in  a  futile  effort  to  overcome  the 
lack  of  iodine.  Apparently  the  bromine  accumulated  in  this  way  cannot  be 
utilized  by  the  thyroid  to  synthesize  a  hormone.  No  inhibition  of  the  de¬ 
velopment  of  iodine-deficient  goiters  in  rats  could  be  obtained  by  Richards 
et  by  the  administration  of  large  amounts  of  bromine  as  NaBr,  al¬ 
though  KI  was  completely  effective.  It  seems  that  the  thyroid  is  incapable 
of  the  brominating  process.  The  bromine  analogue  of  thyroxine  (tetra- 
bromothyronine),  however,  has  been  shown  by  several  workers  to  have, 
in  several  animal  species,  the  same  qualitative  effect  as  thyroxine,  although 
in  much  lower  degree.  In  the  treatment  of  human  myxedema  tetrabromo- 
thyronine  is  one-fifteenth  to  one-sixtieth  as  active  as  thyroxine  in  the 
prevention  of  the  development  of  goiters. Since  the  corresponding  chlo¬ 
rine  analogue  of  thyroxine  (tetrachlorothyronine)  also  has  some  thyroxine- 
hke  activity,  although  of  a  still  lower  order,  it  is  clear,  as  was  pointed  out 
in  the  section  on  iodine,  that  the  physiological  action  of  thyroxine  is  not 
dependent  upon  the  presence  of  iodine  in  the  thyronine  nucleus. 


lA.  J^iuonne 

For  many  years  interest  in  fluorine  as  a  trace  element  has  been  concen¬ 
trated  upon  Its  toxic  effects  in  man  and  his  domestic  animals.  At  the  present 
time  fluorine  is  particularly  associated  with  intense  activity  in  the  field  of 
preventwe  dentistry.  The  latter  aspect  is  dealt  with  below,  but  the  effects 

T  V  f  ^  considered,  except  incidentally. 

Long  before  the  present  interest  in  fluorine  in  relation  to  the  prevention 
of  dental  caries  the  view  was  hekl  that  it  was  an  essential  element  in  animal 
nutrition  especially  concerned  in  the  formation  of  the  enamel  of  teeth  rh\ 
view  no  doulrt  arose  from  its  constant  presence  in  the  ,o"e  a„d  t  Ih  a 
wd,  as  m  other  organs  and  tissues,  notably  the  thyroid  a,:"  ep^;!:! 

C.  e’.  WcZrXI'R^’o'^BfadTrnd  R-  28,  793  (1941), 

J.  Lerman  and  C.  R.  Hari^gton  J  Clin  T^'  1107  (1949). 

■1.  P  n  Rem.  13.  277  (1933). 

F.  DeEds,  Medicine  12,  1  (1933) 

“  K  9, 253  (19391 
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structures.  This  was  shown  by  Gay-Lussac  and  Berthollet  as  long  ago  as 
1805  and  has  been  amply  confirmed  since  that  time.  So  far  attempts  to 
demonstrate  an  impairment  of  growth,  health,  tooth  structure,  or  repro¬ 
duction  by  means  of  fluorine-low  diets,  have  entirely  failed. Evans 
and  Phillips-*'*  found  that  a  mineralized  milk  diet  containing  0.1  to  0.2 
p.p.m.  F  and  supplying  only  about  2  jug.  F  daily  was  adequate  for  the 
growth,  general  well-being,  and  reproduction  of  rats  through  five  genera¬ 
tions.  The  bones  were  strong,  smooth,  evenly  and  well  calcified  and  there 
was  no  depletion  of  fluorine  stores  or  increase  in  demand  for  fluorine 
throughout  the  five  generations.  Moreover,  additional  fluorine  from  0.1 
to  20.0  p.p.m.  produced  no  measurable  improvement  in  the  rats,  although 
bleaching  of  the  teeth  occurred  at  a  level  of  10  p.p.m.  and  over.  It  is  clear 
that  if  fluorine  is  required  at  all  by  the  rat  it  must  be  at  a  level  below  2  fig. 
per  day. 


1,  Fluorine  and  Dental  Caries 

The  first  suggestion  of  a  relationship  between  the  fluoride  content  of 
domestic  waters  and  the  incidence  of  caries  came  as  a  result  of  the  remark¬ 
able  series  of  epidemiological  investigations  begun  in  1908  in  Colorado  and 
followed  by  studies  of  the  effects  of  changed  water  supply  and  of  fluorine 
ingestion  by  laboratory  animals,  which  demonstrated  the  now  well-estab¬ 
lished  fact  that  the  presence  of  excessive  ciuantities  of  fluorine  m  the  drink¬ 
ing  water  causes  mottled  enamel.  Incidental  to  these  studies  it  was  noted 
that  dental  caries  incidence  was  highest  in  communities  whose  water  supply 
was  free  from  fluorides  and  approached  a  minimum  in  communities  whose 
water  supplies  contained  approximately  1.0  to  1.5  p.p.m.  F.  No  significant 
mottling  occurs  at  these  concentrations  of  fluorine,  which  have  come  to  3e 
regarded  as  optimal.^*^  Caries  inhibition  has  been  most  effectively  demon- 
trated  for  12-  to  14-year-old  children  continuously  exposed  to  fluoric  e 
waters,  but  the  evidence  is  l>y  no  means  conclusive  for  ua^s 

whose  exposure  to  fluoride  waters  followed  their  ormat.ve  tooth  life 
.\11  the  investigations  made  so  far  emphasize  that  the  majoi  e^  ^ 
effect  occurs  when  the  fluorine  is  ingested  during  the  period  «  “ 

and  maturation  of  the  teeth.  These  investigations  include 
years  of  tlie  extraordinarily  thorough  and  impressive  ten-yeai  ^e^^hulg 

:::  >^3 
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Kingston  study, in  which  the  effect  of  adding  sodium  fluoride  to  main¬ 
tain  a  level  of  1.0  to  1.2  p.p.m.  F  to  the  water  supply  of  one  city  (Newburgh) 
is  being  compared  with  the  neighboring  control  city  (Kingston),  which  has 
a  fluorine-free  water  supply.  Erupted  teeth  appear  to  benefit  less  from  ex¬ 
posure  to  fluoride-l)earing  waters. 

A  mass  of  experimental  results  with  lal)oratory  animals  supports  the 
human  caries-fluorine  relationship.  These  have  been  summarized  by  Mc- 
Clure^*^  as  follows: 


(i)  Induced  experimental  caries  in  small  animals  is  fluoride-inhibited. 

(ii)  Dental  tissues  contain  fluorine  which  may  be  classified  as  primary  fluorine 
acquired  during  formative  tooth  life,  secondary  fluorine  acquired  after  tooth  erup¬ 
tion,  and  adsorbed  secondary  enamel  fluorine  acquired  possibly  by  local  oral  enamel 
surface  adsorption. 

(iii)  Reduced  acid  solubility  and  surface  changes  in  the  enamel  and  dentine  are 
attributed  to  fluorine  reactions  on  dental  tissues  in  vitro. 

(iv)  Fluoride  may  affect  oral  bacterial  activity  and  exert  antienzymatic  effects 
possibly  associated  with  dental  caries  aetiology. 

(v)  The  ameloblasts  (enamel-forming  cells)  are  extremely  sensitive  to  fluoride. 


1  he  mechanism  of  tiie  anticaries  action  of  fluorine  is  ol)scure.  An  early 
finding  that  the  enamel  of  carious  teeth  contains  less  fluorine  than  enamel 
of  sound  teetlT92  is  not  supported  by  later  work.^®*'  294  McClure^®^  examined 
the  dentine  and  enamel  of  several  hundred  sound  and  carious  teeth,  which 
showed  no  evidence  of  fluorosis,  from  nearly  100  individuals  and  obtained 
the  following  results: 


Sound  teeth:  Enamel  0.0102  ±  0.004%  F 
Carious  teeth:  Enamel  0.0098  =b  0.003%  F 


Dentin  0.0241  ±  0.001%  F 
Dentin  0.0225  ±  0.0007%  F 


.Moreover,  the  best  analytical  procedures  available  have  failed  to  reveal 
an  increase  in  the  fluorine  content  of  topically  treated  teeth,  although 
most  of  the  studies  of  topical  applications  of  fluoride  to  tooth  surfaces 
have  demonstrated  caries-preventive  effects.  The  most  likely  explanation 
»eem.s  to  he  that  fluorine  influences  the  physical  and  biochemical  proirerties 
o  teeth  and  particularly  of  enamel  surfaces  in  vivo,  perhaps  by  the  surface 
absoiption  of  minute  amounts  of  fluorine  by  the  OH-apatite  of  the  enamel 
Uitl  the  proiluction  of  a  proteidive  layer  of  aci.l-resisting  fluorapatite 
Studies^ivith  radioactive  fluorine  have  shown  that  enamel,  dentine  bmie' 

isothlrm it  t  T’''-  "  i""“  “""'■'‘"'8  Freundlich  adsorption’ 

hat  physicochemical  changes  do  occur  which  confer  acid- 
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resisting  properties  upon  teeth  is  supported  by  the  finding  that  fluorine 
in  concentrations  as  low  as  1.0  p.p.m.  in  the  drinking  fluids  is  effective  in 
reducing  the  erosion  produced  in  vivo  on  rats’  molar  teeth  by  citrate  and 
lactate  drinking  fluids.^*® 

A  further  possibility,  which  cannot  be  entirely  overlooked,  is  that  the 
presence  of  fluorides  in  the  fluids  of  the  oral  cavity  alters  bacterial  metabo¬ 
lism  and  inhibits  enzyme  activity.  In  support  of  this  explanation  is  the 
fact  that  iodoacetic  acid,  also  an  active  antienzymatic  substance,  inhibits 
caries  when  added  to  food,^®^'  and  that  injected  fluoride,  which  does  not 
reach  the  oral  cavity,  is  not  caries-inhibitory .2®® 


2.  Sources  of  Fluorine 

Water-borne  fluorine  is  the  major  fluorine  exposure  in  most  human  popu¬ 
lation  groups  apart  from  industrial  sources,  which  explains  the  emphasis 
upon  water  supplies  in  the  public  health  studies  on  mottled  enamel  and 
caries  prevention.  Drinking  water  containing  1  p.p.m.  F  supplies  about 
1  to  2  mg.  F  daily  under  average  conditions,  which  may  be  compared  with 
an  estimated  0.2  to  0.3  mg.  F  ingested  daily  from  the  food  m  an  average 
American  adult  diet,  i.e.,  exclusive  of  drinking  water.®®®  Very  few  foods, 
with  the  exception  of  fish  and  fish  products,  contain  more  than  1  p.p.m. 
F  and  most  of  them  less  than  0.5  p.p.m.  Seafish  may  contain  relatively 
large  amounts,  of  the  order  of  5  to  10  p.p.m.  F.  Another  dietary  item  of 
significance  in  relation  to  fluorine  intake  is  tea.  Fluroine  contents  of  100 
p.p.m.  or  more  in  tea,  particularly  China  tea,  are  not  uncommon.^”''  • 
About  two-thirds  of  this  goes  into  the  infusion.  Under  English  and  Aus¬ 
tralian  dietary  habits  this  would  imply  a  daily  intake  of  ^ 

as  high  as  1  mg.  for  adults  but  very  much  less  for  children,  a  factor  which 
must  be  taken  into  account  in  considering  total  dietaiy  intakes. 

The  fluorine  content  of  edible  foods  grown  in  areas  w-here  the  loca 
water  is  above  normal  in  fluorine  content,  or  where  phosphatic 
containing  fluorine  are  used,  does  not  appear  to  be  f 

normal  although  small  increments  of  fluorine  may  be^  added  to  certai 
normal,  aiu  waters  ®®^  The  fluorine  content  of 

foods  when  they  are  cooked  in  fluoiicle  waters. 
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milk  is  also  apparently  not  significantly  increased  above  the  normal  levels 
of  0.05  to  0.25  p.p.m.  by  the  addition  of  fluorides  to  the  cow’s  food  or 
drinking  water.®®®- The  addition  of  fluorine  as  rock  phosphate  to  the 
ration  of  laying  hens,  on  the  other  hand,  produces  a  marked  increase  in 
the  fluorine  content  of  the  egg.®®’^  No  doubt  similar  increases  would  also 
occur  from  the  consumption  of  fluoride  waters  by  the  hens. 

A  program  of  deliberately  raising  the  fluorine  content  of  water  supplies 
to  a  level  of  1.0  to  1.5  p.p.m.  with  the  aim  of  reducing  caries  incidence 
raises  the  important  possibility  of  the  development  of  a  cumulative  toxic 
fluorosis.  Fluorine  accumulates  slowly  in  the  bones  with  age  under  normal 
conditions  and  rapidly  at  high  intakes,  but  at  the  moderate  levels  associated 
with  caries  prevention  the  toxic  hazard  appears  to  be  very  small.  Balance 
studies  with  human  subjects  show  that  when  the  quantities  of  fluorine 
ingested  from  food  and  water  do  not  exceed  4  to  5  mg.  daily,  which  is 
appreciably  higher  than  normal,  very  little  is  retained  by  the  body.®®® 
Absorption  is  high  but  excretion  is  also  high,  roughly  three-quarters  being 
excreted  in  the  urine  and  one-quarter  in  the  sweat.®®®  At  higher  levels  of 
intake  more  is  absorbed  and  excreted  but  more  is  retained.  There  is  also 
evidence  that  the  nature  of  the  diet  also  influences  the  position.  Intakes  of 
calcium  above  certain  minimum  levels  in  particular  reduces  the  absorption 
of  dietary  fluorine.®®® 


3.  Fluorine  and  Enzyme  Action 


The  capacity  of  fluorides  to  inhibit  enzyme  action  is  well  recognized 
and  was  briefly  referred  to  in  connection  with  the  mechanism  of  the  caries- 
preventive  action.  A  comprehensive  review  of  this  subject  up  to  1945  has 
been  prepared  by  Borei.®®®  Those  enzymes  which  require  metals  such  as 
calcium,  magnesium,  manganese,  iron,  zinc,  and  copper  as  catalysts  are 
paiticulaily  affected,  owing  to  the  formation  of  fluorine  metal  complexes. 
Fluorine  may  also  combine  with  the  prosthetic  groups  of  phosphoproteins, 
thus  inhibiting  acti\dty  by  the  formation  of  fluorophosphoprotein  com¬ 
plexes.  Enolase  has  been  shown  to  be  inactivated  by  the  formation  of 
inagnesium  fluorophosphate.®^®  The  lipase  of  ricin,  succinodehydrase,  acetyl¬ 
choline  esterase,  and  esterases  in  general  are  inhibited  by  fluorine,  according 
to  Dufait  and  Massart.®’i  An  effect  on  bone  phosphatase  is  probably  the 
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explanation  of  the  interesting  finding  that  extremely  low  concentrations 
of  fluoride  have  a  pronounced  inhibiting  effect  on  calcification  in  vitro?^'^ 
It  is  likely  also  that  the  preservative  action  of  fluorides  is  related  to  their 
effect  on  enzyme  action  and  microbial  respiration  due  to  the  formation 
of  complexes  with  those  metals  which  constitute  an  essential  part  of  cer¬ 
tain  enzyme  systems. 


4.  Fluorine  and  Thyroid  Activity 


The  chemical  similarity  between  fluorine  and  iodine  and  the  marked 
capacity  of  the  thyroid  gland  to  absorb  fluorine  during  fluoride  adminis¬ 
tration®^^  has  led  to  a  number  of  studies  of  a  possible  fluorine-iodine  antago¬ 
nism  and  of  the  influence  of  fluorine  upon  the  basal  metabolism  of  animals 
and  upon  human  thyrotoxicosis.  The  results  are  confusing  and  in  some 
ways  contradictory.  Goldemberg®^^  found  oral  administration  or  injection 
of  NaF  to  bring  about  a  reduction  of  basal  metabolism  in  the  normal  rat 
or  rabbit  and  in  patients  suffering  from  thyrotoxicosis.  Similar  results  were 
obtained  in  humans  by  Gorlitzer®^®  by  the  use  of  warm-water  baths  con¬ 
taining  HF  and  by  Raveno®^®  by  the  use  of  alterante  I  and  NaF  feedings. 
In  marked  contrast  to  these  re.sults  are  the  findings  of  Phillips  and  co- 
workers.®^^  These  workers  administered  NaF,  both  orally  and  by  injection 
over  a  wide  range  of  doses  including  those  used  by  Goldemberg,  to  normal 
rats  and  guinea  pigs  and  to  these  animals  rendered  hyperthyroid  by  the 
administration  of  desiccated  thyroid.  The  NaF  was  found  to  be  without 
effect  on  the  basal  metabolic  rate  of  the  normal  animal  but  produced  a 
slight  rise  during  the  period  of  desiccated  thyroid  sensitivity.  In  so  fai 
as  thyrotoxicosis  and  hyperthyroidism  from  the  feeding  of  thyroid  are 
related  conditions,  it  would  seem  that  fluoride  administration  is  actually 

contraindicated. 


X.  Arsenic 

Arsenic  has  been  known  for  many  years  to  be  a  regular  “trace”  constit- 
uent  of  plant  and  animal  tissues,  but  whether  it  is  an  essential  component 
of  living  cells  or  whether  its  presence  is  due  merely  to  passive  ingestion  ly 
plants  from  the  soil  and  by  animals  from  plants  is  still  undecided.  Small 
amounts  of  arsenic  in  addition  to  iron  have  been  used  in  the  treatment  of 
liiiman  anemias  for  centuries,  though  convincing  evidence  of  its  value  is 
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entirely  lacking.  There  are  indications,  however,  that  arsenic  may  play 
some  part  in  physiological  processes.  This  is  quite  apart  from  its  toxic 
effects,  which  are  well  known  and  need  not  detain  iis  here. 

1.  Arsenic  and  Growth 

Hove  and  co-workers^^*  attempted,  unsuccessfully,  to  induce  arsenic 
deficiency  in  rats.  No  improvement  in  growth,  hemoglobin  levels,  or  the 
number  and  fragility  of  the  red  cells  was  observed  when  1  /xg-  or  5  Mg-  As 
per  day  was  added  to  a  mineralized  milk  diet  supplying  2  /xg.  As  daily. 
It  was  concluded  that  ‘‘if  the  rat  requires  As,  this  requirement  must  be 
less  than  2  /zg.  per  day.”  About  80%  of  the  arsenic  in  the  blood  was  found 
by  these  workers  to  be  concentrated  in  the  red  cells,  and  in  anemia  there 
was  a  fall  in  the  amounts  in  both  cells  and  plasma.  Giithmann  and  Grass®^® 
had  earlier  made  the  intriguing  discoveiy  that  the  arsenic  content  of  the 
blood  of  women  rises  significantly  during  menstruation  and  pregnancy. 
Normal  levels  of  G4  /xg.  As  per  100  ml.  compared  with  almost  100  Mg-  during 
menstruation  and  as  high  as  220  Mg-  bi  the  fifth  and  sixth  months  of  preg¬ 
nancy  were  obtained.  Levels  above  normal  were  also  reported  for  the  blood 
of  cancer  patients.  These  findings,  which  need  confirmation,  led  the 
authors  to  conclude  that  arsenic  is  directly  related  to  tissue  growth  and 
cell  proliferation.  A  stimulation  of  the  growth  of  tissue  cultures^-®  and 
of  the  rates  of  growth  and  metamorphosis  of  tadpoles®-^  by  minute  amounts 
of  arsenic  has  been  reported. 


2.  Arsenic  .vnd  Thyroid  Function 


Interesting  evidence  of  antagonism  between  arsenic  and  iodine  and  ar¬ 
senic  and  selenium  have  also  been  reported.  It  seems  likely  that  this 
antagonism  is  related,  in  both  cases,  to  the  action  of  arsenic  in  combining 
vith  sulfhydril  groups,  thereby  interfering  with  certain  oxidation-reduction 
enzyme  systems.  There  are  numerous  reports  of  an  antagonism  between 
arsenic  and  thyroid.^^u  32s  Sharpless  and  IMetzger,^^^  in  experiments  with 
rats,  showed  that  arsenic  can  act  as  a  positive  goitrogenic  substance,  that 
It  can  increase  iodine  requirements,  and  that  iodine  can  reduce  the  goitro¬ 
genic  action  as  well  as  the  toxicity  of  small  amounts  of  arsenic.  These 
workers  point  out  that  arsenic,  in  non-toxic  amounts,  has  an  insignificant 
action  and  suggest  that  in  man  a  goitrogenic  effect  from  arsenic  can  be 
aiiLcipated  only  where  the  iodine  intake  is  low  and  the  arsenic  intake 
sufficient  to  be  slightly  toxic. 


319  IT  P  ’  '  '  "  T?  ^'hysiol.  124,  205  (1938) 

320  T^'  Grass,  Arch.  Gyndkol.  152,  127  (1932). 

K.  Sonjo,  Folia  Pharmacol.  Japon.  151  (1934). 

m  i  ^“'1'’"'''''’®  G-  DastUKue,  Bull.  soc.  chim.  biol.  16,  253  (1934) 

»•  M  Si'  T  “  1060  (1933),  quoted  iu  ref.  324.  ' 

-  R.  Sharpless  and  M.  Metzger,  J.  Nutrition  21,  341  (1941). 


500 


E.  J.  UNDERWOOD 


3.  Arsenic  and  Selenium  Poisoning 

In  1938,  Moxoip25  reported*the  alleviation  of  selenium  poisoning  in  rats 
by  arsenite.  Since  then  arsenic  has  been  successfully  used  to  counteract 
selenium  poisoning  in  pigs,  dogs,  chicks,  and  cattle.®’-®'  ®®7  Sodium  arsenite 
and  arsenate  are  equally  effective,  but  arsenic  in  the  form  of  certain  organic 
compounds  (neoarsphenamine  and  sulfarsphenamine)  is  less  effective,  and 
arsenic  sulfides  (AsS2  and  AsSs)  are  ineffective.®-®  Five  parts  per  million  of 
arsenic  as  sodium  arsenite  in  the  drinking  water  completely  prevents  the 
symptoms  of  selenium  poisoning  on  “natural”  seleniferous  diets  or  diets 
made  seleniferous  by  additions  of  sodium  selenite  or  the  selenium  analogue 
of  cystine.®^®  Ten  parts  per  million  in  the  ration  gives  slightly  better  results 
than  5  p.p.m.  in  the  drinking  water.  It  is  important  to  note  that  these  levels 
of  arsenic  produced  no  symptoms  of  arsenic  poisoning,  either  when  fed 
with  control  rations  or  vdth  seleniferous  rations.  Moreover,  they  are 
effective  in  counteracting  or  preventing  the  symptoms  of  chronic  selenium 
poisoning  on  rations  containing  very  much  higher  levels  of  selenium  than 
those  which  will,  without  arsenic,  induce  some  signs  of  selenium  toxicity.®^® 
The  mode  of  action  of  arsenic  in  antagonizing  selenium  has  not  been 
thoroughly  investigated.  It  does  not  act  by  reducing  selenium  absorption, 
since  the  selenium  content  of  the  blood  and  tissues  of  arsenic-treated  ani¬ 
mals  is  not  significantly  different  from  that  of  untreated  animals  showing 
evidence  of  selenosis.®-®  Recent  work  pro\’ides  strong  e\'idence  that  an  im¬ 
portant  aspect  of  its  action  is  the  release  of  the  inhibition  of  succinic  de¬ 
hydrogenase  brought  about  by  selenium.®^^  King  and  associates®^®  have 
shown  that  the  liver  succinic  dehydrogenase  levels  of  rats  fed  seleniferous 
diets  are  reduced  and  that  the  inclusion  of  arsenic  in  such  diets  restores 
the  enzyme  values  to  normal  after  a  relatively  short  period  of  depression. 
Wliether  the  toxic  action  of  selenium  in  the  animal  body  is  due  wholly  to 
the  inactivation  of  succinic  dehydrogenase  and  whether  the  action  of 
arsenic  in  alleviating  selenium  poisoning  is  due  wholly  to  its  capacity  to 
counteract  this  particular  action  of  selenium  remain  to  be  determined. 

XL  Boron 

Although  boron  is  one  of  the  earliest  of  the  trace  minerals  shown  to  be 
essential  for  plant  life  there  is  no  certain  evidence  of  its  essentiality  for 
animals.  As  a  regular  constituent  of  plant  tissues,  however,  it  is  an  m- 
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evitable  component  of  human  and  animal  diets  and  takes  on  additional 
significance  in  human  physiology  from  its  use,  as  boric  acid,  as  a  food  pre¬ 


servative. 


Several  unsuccessful  attempts  have  been  made  to  produce  boron  defi¬ 
ciency  in  rats  by  the  use  of  highly  purified  synthetic  diets  containing  0.15 
to  0.16  p.p.m.  B  on  the  diy  basis.®*®  -  **2  The  rats  on  these  diets,  which 
supplied  as  little  as  0.6  B  per  rat  per  day,  grew  normally,  reproduced, 
and  reared  young  which  appeared  normal.  Boron  supplements  produced  no 
measurable  improvement  in  the  animals.  It  is  apparent  that  if  boron  is 
needed  by  the  growing  rat  it  must  be  at  a  level  below  0.15  p.p.m.  of  the  dry 
ration.  A  possible  relationship  between  boron  and  potassium  has  been  in¬ 
vestigated  by  Skinner  and  McHargue®*®  and  by  Follis.*®'*  Potassium-defi¬ 
cient  rats  were  found  by  the  former  workers  to  survive  longer  when  boron 
supplements  were  added  to  the  rations,  and  after  21  days  the  rats  receiving 
the  boron  had  more  glycogen  in  their  livers  and  better  stores  of  body 
fat  than  their  non-boron  receiving  controls.  Follis  in  a  somewhat  similar 
study  found  that  boron  additions  had  no  effect  on  the  growth  rate  or  sur- 
■v-ival  time  of  potassium-deficient  rats  or  on  the  heart  and  kidney  lesions 
associated  with  potassium  deficiency.  Further  studies  are  required  on  this 
question,  in  which  the  food  consumption  of  the  test  and  control  animals 
are  carefully  controlled. 

The  boron  content  of  a  wide  range  of  human  foods  has  been  investigated, 
since  the  pioneer  work  of  Bertrand  and  Agulhon®*®  in  1912.  Fruits  and  vege¬ 
tables  are  normally  very  much  richer  in  boron  (5  to  15  p.p.m.  B)®®^  than 
cereal  grains  (1  to  2  p.p.m.)®®^  and  constitute  the  principal  source  in  the 
average  human  diet.  Flesh  foods  and  dairy  produce  are,  in  most  cases, 
lower  in  boron  content  than  cereal  grains.  Cow’s  milk  contains  0.5  to  1.0 
p.p.m.  B®®o  and  appears  to  vary  little  with  breed  or  stage  of  lactation.  Sup¬ 
plementing  the  cow’s  diet  with  boric  acid  or  borax,  however,  results  in  a 
fivefold  to  tenfold  increase  in  the  boron  content  of  the  milk.®®®  -  Thus 
Owen®®8  found  that  the  addition  of  about  20  g.  borax  daily  to  the  ration 
increased  the  boron  content  of  the  milk  from  0.7  to  over  3  p.p.m.  Feeding 

additional  boron  to  hens  results  also  in  a  marked  increase  in  the  boron 
content  of  the  eggs. 


E.  Hove,  C.  A.  Elvehjem,  and  E.  B.  Hart.  Am.  J. 
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The  intake  of  boron  from  the  food  by  human  adults  ranges  from  10 
to  20  mg.  per  day  according  to  the  data  of  Kent  and  McCance.®*®  The 
higher  levels  are  associated  with  the  consumption  of  large  amounts  of 
fruit.  This  food  boron  is  rapidly  and  almost  completely  absorbed  and  ex¬ 
creted,  mostly  in  the  urine.  Boric  acid  taken  in  by  month  is  also  rapidly 
excreted  in  the  nrine.®®^  The  position  is  very  similar  in  the  cow.*®® 


XII.  Aluminum 

Aluminum  is  one  of  the  most  abundant  elements  in  the  earth’s  crust 
and  is  present  in  relatively  high  concentrations  in  most  soils  and  in  atmos¬ 
pheric  dust,  but  it  is  poorly  absorbed  and  rarely  occurs  in  plant  and  animal 
tissues  in  more  than  minute  amounts.  The  use  of  aluminum  cooking  utensils 
and  baking  powders  containing  aluminum  salts  undoubtedly  increases  the 
amounts  of  aluminum  ingested  by  humans,  but  the  amounts  are  not 
large  and  in  any  case  are  so  poorly  absorbed  that  they  do  not  normally 
constitute  the  slightest  health  hazard.  This  aspect  of  aluminum  has  been 
expensively  investigated  and  so  thoroughly  reviewed®**®  ■  ®'’^  •  ®^®  that  it  will 
not  be  discussed  here.  Suffice  to  say  that  several  investigators  have  shown 
that  ten  times  the  quantity  of  aluminum  likely  to  be  ingested  daily  in  this 
way  can  be  tolerated  by  humans  without  deleterious  effects.  Veiy  much 
larger  intakes  of  aluminum  than  these  have  been  shown  to  produce  gastro¬ 
intestinal  irritation  and  colic®*^  and  to  produce  rickets  by  interference  with 
the  absorption  of  phosphate,®*®’  ®**  but  the  amounts  required  are  far  beyond 
those  ever  likely  to  occur  under  ordinary  conditions  of  living.  INIoreovei, 
therapeutic  doses  of  aluminum  hydroxide  gel  used  in  the  treatment  of  peptic 
ulcer  are  unlikely,  according  to  Street,®*®  to  reduce  phosphorus  absorption 
to  dangerously  low  levels,  because  of  the  lower  solubility  of  this  form  of 

aluminum  compared  Avith  the  sulfate.  •  v  r  f 

There  is  no  evidence  that  aluminum  is  an  essential  element  m  the  diet 
of  animals.  Hove  and  co-workers®*®  attempted  to  produce  an  aluminum- 
deficient  diet  for  rats  but  were  unsuccessful.  They  concluded  from  the 
results  of  their  experiments  that  ‘‘if  Al  is  required  by  the  rat  the  require- 
ment  can  l)e  met  by  as  little  as  1  Mg-  ”  Balance  experiments  «it i 

children  and  adults  ilo  not  suggest  that  aluminum  is  essential  in  t  le  iii 

339  N.  L.  Kent  and  R.  A.  McCance,  Biochem.  J.  35,  837  (1941). 

3‘*o  J  H.  Burn,  Analyst  57,  428  (1932).  r  j  ip  24 

341  G.  D.  Beal,  G.  J.  Cox,  R.  B.  Unangst,  and  11.  B.  Wigman,  7nd.  ng.  ■  > 

405  (1932). 

“  oT.C'b  "Is,  H;B*Can,  a„,l  F.  J.  Murphy.  7.  Bi.l.  C^ia.  92.  - 

thT  Deobald  and  C.  A.  Elvehjem,  Am.  J.  Physiol.  Ill,  118  (1935). 

346  H.R.  Street,  J.iVidnhon  24,  in  (1942)  123,640  (1938). 

346  E.  Hove,  C.  A.  Elvehjem,  and  E.  B.  Hart,  Am.  .  y 


TRACE  ELEMENTS 


503 


diet.^^"’  In  fact,  Scoular®^^  obtained  negativ'e  balances  in  more  than  half 
the  studies  made  with  normal  preschool  boys,  and  several  investigators 
hav'e  actually  found  slightly  more  aluminum  in  the  feces  than  was  ingested 
ill  the  food,  d  hus  Kehoe  and  associates''^*^  found  the  mean  intake  of  ahimi- 
iium  from  the  food  and  beverages  of  a  normal  adult  American  to  be  36.4 
mg.  daily  over  28  days  and  the  mean  daily  excretion  in  the  feces  during 
the  same  period  to  be  41.9  mg.  4  he  urine  of  this  intlivddual  contained  a 
mean  of  0.05  mg.  A1  per  liter,  which  indicates  that  aluminum  is  absorbed 
only  with  diffiulty.  Similar  low  absorption  and  predominant  excretion  via 
the  feces  have  been  demonstrated  for  the  rat,  the  rabbit,  and  the  dog,  even 
when  substantial  additions  of  aluminum  are  made  to  the  diet. 

The  occurrence  of  aluminum  in  animal  tissues,  blood,  and  urine  has  been 
the  subject  of  controversy.  The  majority  of  investigators  now  agree  that 
aluminum  is  regularly  present  in  veiy  small  amounts,  although  there 
is  less  agreement  on  the  magnitude  of  these  amounts.  The  following  mean 
figures  taken  from  the  work  of  Kehoe  ct  on  normal  human  tissues  agree 
well  with  those  of  Myers  and  Mull®'**  for  man,  dog,  and  rat  and  those  of 
Wiihrer®*®  for  dog:  kidney,  0.42  p.p.m.  fresh  tissue;  heart,  0.56;  brain,  0.04; 
liver,  1.6;  spleen,  1.3;  lung,  59.4;  muscle,  0.15;  long  bone,  5.0;  rib  bone,  2.4; 
stomach,  0.73;  intestines,  0.87.  Their  figure  for  normal  whole  human  blood 
(0.013  mg.  A1  per  ICO  ml. — mainly  in  the  plasma)  is  v^ry  considerably  lower, 
however,  than  any  other  recorded  \'alues,  except  those  of  Lewis.®*®  The 
relatively  high  figure  for  lung  tissue  is  worthy  of  comment.  Similar  figures 
have  been  obtained  by  several  workers,  indicating  presumably  an  ac¬ 
cumulation  of  aluminum  from  atmospheric  dust. 


XIII.  Silicon 


Silicon  resembles  aluminum  in  its  high  concentration  in  soils  and  atmos¬ 
pheric  dust  and  its  relatively  low  concentrations  in  animal  tissues.  It 
occurs,  however,  in  comparatively  large  amounts  in  many  plants,  par¬ 
ticularly  gramineous  species.  Silicon  is  apparently  essential  in  the  nutrition 
of  the  higher  plants®*' ■  ®*2  and  for  the  reproduction  of  marine  plankton,®*® 

but  whether  it  is  an  essential  component  of  the  diet  of  animals  has  not  yet 
been  decided. 


ihe  development  of  modern  micromethods  of  analysis  has  shown  that 
much  of  the  early  work  on  the  distribution  of  silicon  in  the  animal  body 
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gave  results  entirely  too  high.^s^  However,  even  fetal  tissue  contains  appre¬ 
ciable  quantities  of  silica,  the  normal  range  being  2  to  20  mg.  Si  per  100  g. 
diy  tissue,  compared  with  5  to  100  mg.  Si  per  100  g.  for  normal  adult 
human  tissues.^^^  The  highest  levels  in  the  adult  are  found  in  the  lungs, 
presumably  owing  to  the  inhalation  of  atmospheric  dust,  as  in  the  case  of 
aluminum,  and  the  lowest  are  found  in  the  muscles.  In  the  fetus,  on  the 
other  hand,  the  lungs  are  the  lowest  in  silica  and  the  muscles  the  highest. 
The  blood  of  man  and  other  species  contains  an  average  of  0.5  mg.  Si  per 
100  ml.  This  level  is  not  increased  appreciably  by  the  inhalation  of  silica 
dust,  by  ingestion  in  the  food,  or  even  by  injection.^^'*'  Apparently  the 
body  has  a  very  low  renal  threshold  for  silicates  because  there  is  con¬ 
siderable  absorption  and  excretion  in  the  urine  and  the  amounts  excreted 
in  this  way  can  be  markedly  increased  by  raising  the  level  of  silicates  in  the 
diet.  This  contrasts  greatly  with  the  position  for  aluminum. 

Herbivorous  animals  ingest  very  large  amounts  of  silicon  in  their  diets 
and  excrete  ten  to  thirty  times  as  much  in  their  urine  as  carnivorous 
species.®®^  A  metabolism  of  large  amounts  of  silicon  by  ruminants  was  also 
demonstrated  many  years  ago  by  Forbes  and  Beegle.*®® 

A  relationship  between  blood  silicic  acid  and  the  parathyroid  glands  and 
serum  calcium  has  been  claimed®®^  but  could  not  be  confirmed  by  King  and 
co-workers.®^®  However,  these  latter  workers  suggest  that  silicon  may 
play  some  part  in  the  maintenance  of  acid-base  equilibrium  in  the  animal 
body. 
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I.  Historical  Background — Development  of  the  Science  of 

Human  Nutrition 

Knowledge  of  human  nutrition  has  stemmed  from  many  diverse  fields 
and  from  all  parts  of  the  world.  Man  was  the  subject  of  the  earliest  scientific 
studies  in  nutrition  many  centuries  ago,  when  it  was  observed  that  a  nor¬ 
mal  man  varied  little  in  size  from  year  to  year,  despite  ingestion  of  large 
amounts  of  food.  Physiologists  appreciated  that  “the  weight  added  by 
the  ingestion  of  food  and  drink  was  lost  in  the  urine,  the  feces  and  the 
‘insensible  perspiration.’  From  the  early  part  of  the  eighteenth  century, 
astute  observations  of  practicing  physicians  linked  scurvy  to  consumption 
of  a  faulty  diet  consisting  usually  of  biscuits  and  salt  meat.  It  was  also 
knoAvn  that  recovery  followed  administration  of  green  vegetables  and 
juices  of  oranges,  limes,  and  lemons.^  Pellagra,  which  was  first  described 
in  the  eighteenth  century  by  Casal,  Frapolli,  and  others,  was  likewise  con¬ 
sidered  to  be  related  to  consumption  of  a  monotonous  diet  of  poor  quality. 

1  G.  Lusk,  The  Elements  of  the  Science  of  Nutrition,  2nd  ed.  rev.,  W.  B.  Saunders 

Co.,  Philadelphia,  1909,  p.  17.  ,  j 

2  Kramer,  in  Funk,  The  Vitamines,  authorized  translation  from  2nd  German  ed. 

by  Dubin,  Williams  &  Wilkins  Co.,  Baltimore,  1922,  p.  27. 

3  (a).  G.  Casal,  in  Vitamins:  A  Survey  of  Present  Knowledge,  Medical  Re^^rc 
Council,  Special  Report  Series  No.  167,  His  Majesty’s  Stahonery  Office 
London,  1932,  p.  176;  (6)  F.  Frapolli,  in  The  Vitamins,  A  Symposium,  America 
Medical  Association,  Chicago,  1939,  p.  308. 
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Unfortunately  these  clinical  observations  failed  to  stimulate  specific  in¬ 
vestigation  in  this  field.  , 

The  modern  era  of  nutrition  began  in  the  late  eighteenth  century  with 

the  brilliant  research  of  the  French  chemist  Lavoisier  and  his  contempo¬ 
raries.  The  discovery  of  the  significance  of  oxygen  in  combustion  and  the 
observation  that  life  processes  are  those  of  oxidation  with  resultant  elimi¬ 
nation  of  heat  laid  the  foundation  for  the  emergence  of  nutrition  as  a 
science.  Lavoisier  and  his  associates^  conducted  experiments  on  animal 
heat  and  respiration  and  deveoped  an  apparatus  for  measuring  the  metabo¬ 
lism  of  man.  The  influence  of  food,  work,  and  temperature  on  heat  pro¬ 
duction  was  determined. 

Rapid  advances  in  chemistry  in  the  nineteenth  century  added  much  to 
nutritional  knowledge.  Foods  were  shown  to  contain  proteins,  carbohy¬ 
drates,  fats,  and  inorganic  salts  rather  than  a  single  nutrient  substance.  As 
late  as  1832,  however,  William  Beaumont^  in  his  studies  of  digestion  in¬ 
dicated  his  belief  in  a  single  nutritive  “element.”  Liebig,®  the  great  German 
chemist,  showed  that  it  was  not  carbon  and  hydrogen  which  were  burned 
in  the  body  but  protein,  carbohydrate,  and  fat.  Liebig’s  contributions 
stimulated  the  research  of  Voit,  who,  with  his  students  at  Munich,  estab¬ 
lished  such  concepts  as  nitrogenous  equilibrium,  specific  dynamic  action  of 
food  stuffs,  and  relationship  of  basal  metabolism  to  body  surface  area  (see 
Chapter  1). 

These  early  metabolic  studies  were  continued  into  this  century  by  At¬ 
water,  Benedict,  Lusk,  and  many  others.  The  continuity  of  this  research  is 
strikingly  illustrated  in  the  dedication  of  DuBois’  book  on  basal  metabo¬ 
lism;  “To  Graham  Lusk,  pupil  of  Voit,  pupil  of  Liebig,  pupil  of  Gay-Lussac, 
pupil  of  Berthollet  and  La  Place,  pupils  of  Lavoisier.”^ 

From  the  study  of  energy,  metabolic  research  extended  to  finer  problems. 
It  was  shown  that  carbohydrate  could  be  converted  to  fat  and  that  part 
of  the  protein  molecule  could  be  converted  to  carbohydrate. 

By  1900  the  caloric  value  of  foods  had  been  carefully  determined.  Be¬ 
tween  1890  and  1900  efforts  were  made  to  study  food  requirements  by 
statistical  methods.  Dietary  studies  were  conducted  in  several  parts  of  the 
world,  diets  being  evaluated  for  energy  and  protein  according  to  standards 
developed  by  Voit  and  Atwater.  Data  collected  by  Atwater  in  the  United 
States  repiesent,  as  stated  by  McCollum,  “an  epoch  in  development  of 
knowledge  of  human  nutrition.”® 

*  A.  L.  Lavoisier,  in  Lusk,  ref.  1,  p.  18. 

W.  Beaumont,  in  McCollum,  The  Newer  Knowledge  of  Nutrition  2nd  ed 
Macmillan,  New  York,  1922,  p.  40.  >  •» 

®  J.  von  Liebig,  in  Lusk,  ref.  1,  p.  19. 

'  Metabolism  in  Health  and  Disease,  Lea  and  Febiger 

Philadelphia,  1924  [p.  iii].  o  reuiger, 

®E.  V.  McCollum,  ref.  5,  p.  50. 
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Another  valuable  contribution  was  publication  of  tables  of  the  chemical 
composition  of  an  extensive  list  of  human  foods  by  Atwater  in  this  country 
and  by  Voit  in  Germany.®  Until  about  1900  there  was  no  fear  that  diets 
would  be  unsatisfactory  if  protein  and  energy  were  adequately  supplied. 
Soon  after  this,  the  investigations  of  Fischer  and  Kosseh®  showed  that  the 
composition  of  protein  from  different  sources  varied  greatly,  and  the  con¬ 
cept  of  quality  of  protein  was  introduced. 

Recognition  of  vitamins  and  formulation  of  the  concept  of  deficiency 
diseases  developed  from  two  different  lines  of  research:  one,  animal  experi¬ 
ments  with  simplified  and  purified  diets;  the  other,  epidemiological  and 
public  health  investigations.  Forster"  in  1873  found  that  dogs  fed  meat 
(after  preparation  of  Liebig’s  meat  extract),  fat,  sugar,  and  starch  died 
earlier  than  did  starving  animals  and  manifested  tremor,  weakness,  and  a 
peculiar  gait.  Similar  findings  were  noted  in  pigeons.  In  the  school  of  Bunge 
at  Basal,  Lunin,^®  in  1881,  and  Socin,"  ten  years  later,  found,  in  the  course 
of  experiments  designed  to  study  inorganic  elements  in  nutrition,  that 
animals  fed  the  known  constituents  of  milk,  i.e.,  proteins,  carbohydrates, 
salts,  and  fats,  failed  to  survive.  They  concluded  that  a  natural  food  such 
as  milk  must  contain  small  amounts  of  unknown  substances  essential  to 
life. 

In  1884,  it  was  demonstrated  in  the  Japanese  Navy,  under  the  direction 
of  Admiral  Takaki,"  that  beriberi  was  due  to  a  faulty  diet.  Addition  of 
meat,  bread,  fruit,  and  vegetables  to  a  diet  which  had  consisted  largely  of 
polished  rice  almost  eliminated  beriberi  from  the  Japanese  Navy.  Eijkman," 
a  military  doctor  in  the  Dutch  East  Indies,  concluded  in  1897  that  beriberi 
resulted  from  consumption  of  decorticated  rice.  His  conclusion  was  based 
on  evidence  from  two  sources :(1)  experimental  production  of  a  disease 
resembling  beriberi,  polyneuritis  gallinarum,  in  pigeons  fed  a  diet  of  pol¬ 
ished  rice  and  prevention  of  the  disease  with  whole  rice;  and  (2)  statistical 
findings  in  an  epidemiologic  study  by  Vorderman  in  prisoners  in  Java, 
which  showed  that  the  incidence  of  beriberi  was  associated  with  ingestion 
of  white  rice.  Eijkman  believed  that  rice  was  overrich  in  starch  which 
acted  as  a  poison  to  nerve  cells  and  that  the  outer  layer  of  the  grain  pro¬ 
vided  an  antidote.  Grijns^®  in  1901  interpreted  the  findings  differently, 

9  (a)  W.  O.  Atwater,  in  McCollum,  ref.  5,  p.  3;  (6)  C.  v.  Voit,  in  McCollum,  ref. 

5  p  3 

19  (a)  E.  Fischer,  in  McCollum,  ref.  5,  p.  4;  (6)  A.  Kossel,  in  McCollum,  ref. 

5,  p.  4. 

“  J.  Forster,  in  Funk,  ref.  2,  p.  21. 

•9  N.  Lunin,  in  Funk,  ref.  2,  p.  21. 

13  C.  A.  Socin,  in  Funk,  ref.  2,  p.  22. 

14  K.  Takaki,  in  Funk,  ref.  2,  p.  29. 

19  C.  Eijkman,  in  Vitamins,  ref.  3a,  p.  13. 

16  G.  Grijns,  in  Funk,  ref.  2,  p.  13. 
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concluding  that  beriberi  in  birds  or  man  was  due  to  absence  from  the  food 
of  an  essential  nutrient  found  in  the  cortical  parts  of  rice.  Thus  Grijns  was 
the  first  to  perceive  clearly  the  concept  of  a  deficiency  disease. 

Eijkman’s  work  made  it  possible  to  turn  from  human  to  animal  experi¬ 
ments  in  studying  beriberi.  Production  of  experimental  scurvy  in  guinea 
pigs  by  Holst  and  Frolicy^  in  1907  provided  another  non-human  experi¬ 
mental  tool.  Many  investigators  in  the  early  twentieth  century  presented 
evidence  for  unknown  essential  substances  in  foods  such  as  milk,  yeast,  and 
fats.  Evidence  was  based  largely  on  studies  in  animals  fed  “purified”  diets 
and  on  clinical  observations  of  the  association  of  scurvy  and  rickets,  beri¬ 
beri  and  pellagra  with  dietary  factors.  Outstanding  investigators  included 
Pickelwaring,  Hopkins,  Muller,  Stepp,  McCollum,  Osborne,  and  Mendel. 

The  term  “vitamine”  was  suggested  by  the  Polish  chemist,  Casimir 
Funk,^®  in  1912  in  a  paper  on  the  etiology  of  deficiency  diseases. 

He  indicated  that  vitamins  appeared  to  be  essential  for  growth  and  for 
general  health  and  suggested  that  beriberi,  scurvy,  and  pellagra  were 
deficiency  diseases. 

In  1913,  McCollum  and  Davis*®  and  Osborne  and  MendeP®  published 
papers  indicating  that  certain  fats  contained  an  essential  nutritional  factor. 
In  1915,  McCollum  and  Davis®*  published  important  papers  which  indi¬ 
cated  that  at  least  two  accessory  food  factors  were  needed  for  normal 
growth,  one  of  which  was  found  in  butter  fat,  the  other  in  milk  sugar.  The 
names  proposed  for  these  factors  were  fat-soluble  A  and  water-soluble  B, 
thus  initiating  the  vitamin  alphabet.  In  1919-1920  the  antiscorbutic  factor 
was  designated  water-soluble  C  by  Drummond.®®  In  1918,  E.  Mellanby®® 
discovered  the  antirachitic  vitamin  in  certain  fats.  Thus  the  early  era  in 
human  nutrition  emphasized  energy  metabolism  and  investigation  of  the 
energy-producing  foodstuffs,  followed  by  discovery  of  accessory  food  fac¬ 
tors  or  vitamins  and  formulation  of  the  concept  of  deficiency  disease.  In 

these  investigations  physicians,  physiologists,  chemists,  and  biologists  all 
played  a  role. 


From  these  beginnings,  investigation  in  the  past  thirty  years  has  been 
unbelievably  rapid.  Vitamins  have  been  isolated,  identified,  and  synthe¬ 
sised.  Deficiency  syndromes  have  been  clearly  delineated  and  studied 
clinically  and  pathologically.  Many  nutrient  requirements  have  been  es¬ 
tablished.  The  role  of  essential  nutrients  in  metabolic  processes  has  been 

A.  Holst  and  T.  Frolich,  in  Funk,  ref.  2,  p.  128. 

C.  Funk,  J.  State  Med.  20,  341  (19121. 


J.  C.  Drummond,  Biochem.  J.  13,  77  (1919) 
E.  Mellanby,  J.  Physiol.  62,  xi  (1918-1919). 
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widely  studied,  and  enzymes,  coenzymes,  systems  of  energy  transfer,  and 
nutrient  interrelationships  have  received  much  attention.  Radioactive 
isotopes  have  been  used  in  tracing  metabolic  pathways  in  both  animals 
and  man.  Investigation  of  the  nutrition  of  bacteria,  fungi,  single-celled 
animals,  insects,  etc.,  have  added  information  relative  to  human  nutrition. 
It  is  only  because  of  contributions  by  investigators  in  nearly  every  field 
of  science  that  knowledge  of  human  nutrition  has  progressed  to  the  present 
high  level. 


II.  Energy  Metabolism  in  Man 

1.  Energy  Requirement 

Estimation  of  human  energy  requirement  is  neither  simple  nor  exact. 
Consideration  must  be  given  first  to  needs  in  a  basal  state  and  second  to 
needs  resulting  from  physical  activity.  Basal  requirements  are  related  to 
age,  sex,  bodily  size,  activity  of  the  thyroid  gland,  and  environmental 
temperature.  The  influence  of  each  of  these  factors  has  been  established 
with  reasonable  accuracy  and  applied  in  estimation  of  the  energy  require¬ 
ments.  The  relationship  between  basal  metabolism  and  surface  area  of  the 
body,  demonstrated  in  man  as  well  as  in  numerous  animal  species,  is  widely 
used  in  estimating  basal  caloric  needs.  The  energy  required  in  various  oc¬ 
cupational  and  non-occupational  activities  is  less  well  documented.  Some 
of  the  earlier  findings  have  been  summarized  by  DuBois  and  Chambers. 
Unconscious  tensing  of  muscles  in  anxiety  may  increase  heat  production 
10  to  20%,  moderate  activity  20  to  50%,  while  heavy  exercise  may  lead 
to  a  three-  to  tenfold  increase  in  metabolism.  Recent  important  contribu¬ 
tions  to  knowledge  of  energy  expenditure  are  those  by  Lehmann  and  as¬ 
sociates  who  studied  industrial  workers  engaged  in  107  different  activities, 
and  those  conducted  at  Columbia  University  in  cooperation  with  the 
Bureau  of  Human  Nutrition  and  Home  Economics  of  the  U.  S.  Department 

of  Agriculture  on  energy  needs  of  children.^e 

In  formulation  of  diets  to  meet  energy  requirements,  proteins  and  carbo- 
hydrates  are  considered  to  yield  4  cal.  per  gram,  and  fats,  9  cal.  pj  gram^ 
The  specific  dynamic  action  of  foodstuffs  must  also  be  considered  and  is 
usually  calculated  as  6  %  of  the  total  caloric  value  of  the  food  over  a  24-h  . 

'^'^In  tpite  of  the  difficulties  in  determining  exact  caloric  requirements, 

..  E.  F.  DuBois  ami  W.  II.  Chambers,  C.alories  in  hlodic.al 

of  Nutrition,  A  Symposium,  American  Medical  Associ.ation,  Cl.icaRO,  10«, 

••o’ Lehmann  E  A  Muller,  and  II.  Spitzer,  AricifspMwl- 1^60 

E  M.  Thompson,  M.  E.  R.  Bal,  E.  M.  Mclntoslu  G.  “a 

Tayfor,  J.  NutJion  44. 275  (1951)  i  (h)  C.  M.  Taylor,  O.  F.  Pye,  M.  Schafer. 

S.  Wing,  ibid.  44,  295  (1951). 
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attempts  have  been  made  to  devise  standards  which  may  be  useful  in 
planning  and  evaluating  diets  of  individuals  and  population  groups.  Caloric 
allowances  for  the  growth  period  and  allowances  for  the  maintenance  of 
health  in  adults  have  been  recommended  by  the  Food  and  Nutrition  Board 
of  the  National  Research  Council,  U.S.A.,^^  by  the  Canadian  Council  on 
Nutrition, and  by  the  Committee  on  Nutrition  of  the  British  Medical 
Association.^®  In  addition,  the  committee  on  calorie  requirements  of  the 
Food  and  Agriculture  Organization  of  the  United  Nations^®  has  suggested 
standards  which  may  be  applied  in  determining  caloric  needs  of  population 
groups  which  vary  in  size,  age,  sex  distribution,  and  geographical  location. 
This  international  collaboration  is  an  important  step  in  estimating  food 
supplies  needed  by  various  countries  and  should  assist  in  the  over-all  plan¬ 
ning  for  more  adequate  production  and  more  equitable  distribution  of 
world  food  supplies.  Thus  from  Lavoisier’s  early  experiments  on  respiration, 
animal  heat,  and  calorimetry  has  evolved  information  of  great  importance 
in  planning  one  of  the  most  fundamental  aspects  of  a  world  public  health 
program. 

Caloric  requirements  in  disease  have  also  been  the  subject  of  study.  There 
is  an  increase  in  basal  metabolism  of  about  13  %  for  each  degree  (centi¬ 
grade)  rise  in  body  temperature.  Accordingly,  all  febrile  illnesses  increase 
energy  needs.  Basal  metabolism  is  increased  in  hyperthyroidism  and  is 
often  elevated  in  other  endocrinopathies,  in  certain  blood  dyscrasias  and  in 
heart  or  lung  diseases  accompanied  by  severe  dypsnea.  Caloric  under¬ 
nutrition  is  common  in  these  conditions  which  are  associated  with  an  in¬ 
creased  energy  requirement.  It  is  also  frequently  encountered  in  illnesses 
in  which  anorexia  is  a  prominent  finding  and  in  conditions  in  which  calories 
are  lost  in  the  stool  or  urine,  such  as  diarrheal  diseases  or  diabetes  mellitus. 


2.  Energy  Transfer 


The  complicated  metabolic  processes  by  which  energy  transfer  is  ac¬ 
complished  have  been  described  in  Chapter  16.  Knowledge  of  the  important 
role  of  adenosine  triphosphate  (ATP)  in  energy  mechanisms,  of  relation¬ 
ships  of  the  breakdown  of  foodstuffs  to  generation  of  ATP,  and  the  con¬ 
cept  of  high-energy  bonds  are  of  importance  in  human  nutrition  in  explain¬ 
ing,  at  least  m  part,  the  manner  by  which  “metabolic  energy  is  harnessed 


Recommended  Dietary  Allowances,  National  Research  Council,  Food  and  Nu- 
trition  Board,  Reprint  and  Circular  Series  No.  129,  Washington,  1948. 
Canadian  Bulletin  on  Nutrition,  Council  on  Nutrition,  Ottawa,  Vol.  2,  No.  1 


”  Srse!  Association.  British  Medical 

“  S'*’.""®  Requirements,  Report  of  Committee  on  Calorie  Requirements  United 
Nations  Food  and  Agriculture  Organization.  Nutritional  Studies  No  5  CoiSm 
bia  University  Press,  New  York,  1950.  ’ 


TABLE  1 

Recommended  Daily  Dietary  Allowances" 

(Food  and  Nutrition  Board,  National  Research  Council;  revised  1948) 
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in  a  form  useful  to  the  living  body”  (Chapter  16).  The  concept  of  the  dy¬ 
namic  state  of  constituents  of  living  cells,  formulated  by  Schoenheimer^i 
and  documented  by  many  data  from  isotopic  tracer  studies,  also  has  an 
impact  on  human  nutrition.  Not  only  is  there  a  continuous  expenditure  of 
energy  to  maintain  this  dynamic  equilibrium,  but  all  the  essential  nutrient 
substances  must  be  available  continuously  for  energy  transfer  to  occur. 

A  number  of  the  vitamins  and  minerals  participate  in  enzyme  systems, 
and  a  constant  supply  of  certain  amino  acids  which  the  body  cannot  manu¬ 
facture  is  essential  for  the  formation  of  proteins.  These  findings  emphasize 
the  importance  of  the  quality  of  the  diet  even  when  the  prime  considera¬ 
tion  is  meeting  energy  requirements. 

Another  important  concept,  recently  demonstrated,  is  the  interrelation¬ 
ship  of  protein,  fat,  and  carbohydrate  oxidative  mechanisms  and  the  final 
common  pathway  through  the  Krebs  citric  acid  cycle  (Chapter  16). 

The  2-carbon  unit  or  activated  acetate,  which  is  the  acetylated  form  of 
coenzyme  A,  the  pantothenic  acid-containing  enzyme,  has  been  shown  to 
occupy  a  central  position  in  many  converging  pathways.  The  role  of  mito¬ 
chondria  and  other  essential  cellular  units  in  oxidative  metabolism,  which 
have  been  elucidated  recently,  link  cytology  and  biochemistry  closely 
together  and  may  lead  to  closer  correlation  between  pathologic  anatomical 
changes  demonstrable  in  tissue  section  and  biochemical  abnormalities 
found  in  body  fluids  and  tissues  (Chapter  12). 


3.  Evaluation  of  Caloric  Nutrition 

Clinical  evaluation  of  caloric  nutrition  is  inexact.  In  most  instances, 
the  body  weight  is  used  as  the  criterion  and  the  observed  weight  is  com¬ 
pared  with  the  weight  for  persons  of  similar  height,  age,  and  sex  as  given 
in  some  type  of  standard  table.  Unfortunately  such  standards  usually 
represent  arithmetic  averages  of  findings  in  selected  population  groups 
and  do  not  even  include  standard  deviation  or  range  of  values.  No  considera¬ 
tion  is  given  to  the  relative  proportion  of  the  several  components  of  total 
body  mass  i.e.,  muscles,  adipose  tissues,  bones,  and  extracellular  fluid. 
Genetic  variations  and  environmental  circumstances  are  other  factors 

which  are  seldom  taken  into  account. 

Brozek  and  Keys^^  have  recently  reviewed  quantitative  methods  for 
evaluation  of  leanness  and  fatness  in  man.  The  most  promising  indirect 
method  is  measurement  of  the  thickness  of  skin  folds  with  speciaUy  con¬ 
structed  calipers.  In  adult  males,  there  is  good  correlation  between  findings 

»■  R.  Schoenheimer,  The  Dynamic  State  of  Body  Constituenta.  Harvard  Unwer- 
sity  Monographs  in  Medicine  and  Public  Health  No.  3,  Harvard  Universitj 

Press,  Cambridge,  Mass.,  1942.  oi?  RW/  J 

32  J.  Brozek  and  A.  Keys,  Nutrition  Abstracts  &  Revs.  20,  247  (1950),  B  . 

Nutrition  5,  194  (1951). 
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with  this  method  and  estimation  of  total  body  fat  from  determination  of 
the  specific  gravity  of  the  body.  Other  indirect  methods  include  estimation 
of  body  fat  from  the  water  content  of  the  body  and  determination  of  t  le 
thickness  of  subcutaneous  tissues  from  X-ray  photographs. 

Caloric  balance  can  be  maintained  over  a  fairly  wide  range  of  body 
weight  and  caloric  intake  in  a  given  individual.  A  continued  loss  beyond 
10  %  in  weight  may  be  considered  representative  of  caloric  deficit.  Weighing 
a  patient  at  frequent  intervals  is  the  best  single  method  of  determining 
caloric  balance,  although  fluctuations  may  represent  changes  in  fluid 
rather  than  in  metabolic  mass,  especially  in  acutely  ill  patients. 


4.  Biochemical  and  Physiologic  Changes  in  Starvation 

Keys  and  associates®*  have  reviewed  knowledge  of  the  biology  of  human 
starvation  in  detail  in  a  recent  volume.  Many  of  the  physiologic  changes 
which  occur  appear  to  be  useful  or  adaptive  to  survival;  undoubtedly  mul¬ 
tiple  interrelated  factors  are  involved.  Outstanding  findings  in  starvation 
include  loss  of  weight,  marked  weakness,  mental  and  emotional  changes 
which  are  reflected  in  behavior,  circulatory  changes  including  bradycardia, 
hypotension,  reduced  peripheral  circulation  and  decreased  venous  pres¬ 
sure,  reduction  in  body  temperature,  edema,  and  a  decrease  in  the  general 
reactivity  of  the  organism  to  various  stimuli.  There  is  a  high  incidence  of 
amenorrhea  and  sterility.  The  growth  and  ^development  of  children  is 
retarded.  Nitrogen  balance  is  negative,  although  this  becomes  less  marked 
as  starvation  proceeds.  When  protein  deficiency  is  severe,  edema  and 
anemia  are  prominent  findings.  Signs  of  vitamin  deficiency  occur  only  if 
the  diet  has  been  deficient  in  these  factors.  Basal  oxygen  consumption 
declines,  and  this  decrease  applies  to  actively  metabolizing  tissue,  as  well 
as  to  the  organism  as  a  whole.  Whether  this  decline  is  due  to  fuel  exhaus¬ 
tion,  a  decrease  in  oxidative  enzymes,  reduced  circulation,  low  body  tem¬ 
perature,  or  other  factors  is  unknown.  The  level  of  blood  sugar  during 
fasting  may  be  low,  and  in  starvation  experiments  in  human  volunteers 
blood  pyruvate  rose  to  abnormally  high  levels  after  exercise.  Although 
glycogen  stores  are  reduced  early  in  starvation,  they  are  not  totally  de¬ 
pleted.  The  causes  of  starvation  or  famine  edema  are  not  completely  under¬ 
stood.  Undoubtedly  many  factors  are  contributory.  Although  hypopro- 
teinemia  with  lowered  colloid  osmotic  pressure  influences  edema  formation, 
it  does  not  control  it;  nor  can  edema  be  explained  by  increased  capillary 
permeability  to  colloids  or  by  elevated  venous  or  capillary  pressure.  It 
has  been  suggested  that  edema  represents  simply  a  persistence  in  the  body 
of  its  normal  complement  of  extracellular  fluid.®*  The  progressive  loss  of 

”  A  Keys,  J.  Brozek,  A.  Ilenschel,  O.  Mickelsen,  and  H.  L.  Taylor,  The  Biology 

of  Human  Starvation,  Vols.  1  and  2,  University  of  Minnesota  Press,  Minne¬ 
apolis,  1950. 
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cellular  bulk  produces  a  relative  increase  in  hydration  of  the  body  as  a 
whole.  Edema  appeared  only  when  thiocyanate  space  was  in  excess  of  the 
normal  proportion  of  body  weight  by  about  10%. 

In  starvation,  the  degiee  of  weight  loss  is  an  important  factor  in  prognosis; 
if  this  is  more  than  40  %,  the  outlook  is  very  serious,  even  in  previously 
healthy  young  adults. 

5.  Caloric  Overnutrition — Obesity 

Caloric  overnutrition  is  an  extremely  important  problem  in  many  parts 
of  the  world.  The  many  hazards  of  obesity  have  been  well  documented  by 
Armstrong.®^  Obesity  is  associated  with  an  increase  in  mortality  rate  and 
an  increase  in  the  incidence  of  a  number  of  diseases,  namely,  hypertension, 
atherosclerosis,  renal  disease,  diabetes  mellitus,  gall  bladder  disease,  and 
even  neoplasia.  Possible  relationships  between  fat  metabolism  and  diseases 
of  the  blood  vessels  will  be  discussed  in  a  subsequent  section.  In  most  in¬ 
stances,  obesity  is  the  result  of  simple  overeating,  the  caloric  intake  being 
greater  than  the  energy  expenditure.  It  is  related  only  rarely  to  disease  of 
the  endocrine  glands. 


III.  Protein  Nutrition 

1.  Protein  Requirement 

In  the  late  nineteenth  century,  Voit  and  Atwater®^  suggested,  on  the 
basis  of  habitual  protein  intake  of  certain  population  groups,  that  an  intake 
of  118  to  120  g.  of  protein  daily  was  a  desirable  level.  Early  in  the  twentieth 
century,  Chittenden^®  published  studies  which  indicated  that  the  health 
and  efficiency  of  young  men  could  be  maintained  with  diets  which  furnished 
about  44  to  53  g.  of  protein  daily  (for  men  weighing  70  kg.).  Investigations 
of  Fischer  and  KosseP®  showed  that  the  composition  of  proteins  from  differ¬ 
ent  sources  varied  greatly,  and  it  was  demonstrated  subsequently  that 
certain  proteins  were  capable  of  supporting  growth  in  annuals  but  others 
were  not.  Since  proteins  were  known  to  be  hydrolyzed  to  amino  acids  in 
the  digestive  process,  it  appeared  that  the  biological  value  of  proteins  was 
dependent  on  their  amino  acid  composition.  From  studies  of  nutiitionally 
inadequate  proteins  and  from  supplementation  experiments,  the  concept 
of  essential  amino  acids  arose.  The  essential  amino  acids,  that  is,  those 
which  cannot  be  synthesized  by  the  tissues,  have  been  determined  for  a 
number  of  animal  species,  including  man. 

34  (a)  D.  B.  Armstrong,  L.  I.  Dublin,  G.  M.  Wheatley,  and  H.  H.  Marks, Am 
Med.  Assoc.  147,  1007  (1951);  (6)  D.  B.  Armstrong,  L.  I.  Dublin,  E.  C.  Bannett, 
and  H.  H.  Marks,  Postgraduate  Med.  10,  407  (1951). 

36  C.  V.  Voit  and  W.  0.  Atwater,  in  McCollum,  ref.  5,  p.  51 . 

36  R.  H.  Chittenden,  in  Sherman,  Chemistry  of  Food  and  Nutrition,  6th  ec  ., 
Macmillan,  New  York,  1941,  p.  204. 
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a.  Amino  acid  requirements.  Rose»^  demonstrated  in  metabolic  balance 
studies  in  adult  males  on  purified  diets  that  eight  amino  acids  are  required 
for  maintenance  of  nitrogen  equilibrium,  namely,  isoleucine,  leucine,  lysine, 
methionine,  phenylalanine,  threonine,  tryptophan,  and  valine,  A  table  of 
minimal  and  recommended  intakes  is  given  in  Chapter  5  (p.  129).  The  diet 
must  also  furnish  sufficient  nitrogen  for  synthesis  of  the  non-essential 
amino  acids.  The  eight  amino  acids  essential  in  human  nutrition  are  also 
required  for  growth  by  the  dog,  the  rat,  the  mouse,  and  the  chick,  but  each 
species  requires  one  or  more  additional  amino  acids.  Histidine  and  arginine, 
which  are  essential  for  dog,  rat,  and  chick,  do  not  appear  to  be  essential 
for  man,  although  it  has  been  reported  that  a  dietary  deficiency  of  arginine 
results  in  decreased  spermatogenesis  in  man  (Chapter  5). 

A  few  studies  of  the  amino  acid  requirement  of  human  infants  have  been 
carried  out;  in  addition  to  the  eight  amino  acids  needed  by  adults,  cystine 
and  tyrosine  may  be  required  under  certain  conditions. 

There  is  some  evidence  that  in  rats  and  mice  a  mixture  of  essential 
amino  acids  may  not  support  optimal  growth  and  that  some  polypeptide 
fraction  may  be  required.  Whether  this  is  true  in  man  is  unknown. 

Recent  studies  indicate  that  all  the  amino  acids  needed  for  the  formation 
of  the  protein  molecule  must  be  available  at  the  same  time  and  that  the 
proportion  of  essential  amino  acids  to  each  other  remains  relatively  con¬ 
stant  at  various  levels  of  protein  intake.  Thus,  the  balance  of  amino  acids 
in  the  diet  is  another  factor  requiring  consideration.®*  The  distribution  of 
proteins  in  the  three  daily  meals  may  also  influence  protein  requirement 
and  utilization.®*® 

b.  Total  protein  requirement.  The  protein  needs  of  man  are  dependent 
on  age,  sex,  body  size,  the  previous  supply  of  protein,  the  energy  value  of 
the  diet,  and  a  number  of  other  factors.  The  body  tends  to  adjust  protein 
metabolism  to  protein  supply,  and  carbohydrate  and  fat  exert  a  protein- 
sparing  action.  When  the  diet  is  practically  devoid  of  protein,  the  nitrogen 
excretion  of  an  adult  male  weighing  70  kg.  has  been  found  to  be  approxi¬ 
mately  3  g.  a  day,  which  represents  about  20  g.  of  protein.  Recently,  pa¬ 
tients  wRh  hypertension  have  been  maintained  for  many  months  on  rice 
diets  which  furnish  20  to  27  g.  of  protein.  Approximate  nitrogen  balance  is 
usually  reached  after  3  to  6  months.®®  Certainly,  larger  amounts  of  protein 
would  appear  to  be  desirable  under  most  circumstances  to  provide  a  safe 


”  W.  C.  Rose,  Federation  Proc.  8,  546  (1949) 

n95m  30.  206 

A  ?  Jo'  Frazier,  and  R.  E.  Slayton,  Proc.  Soc  Exvtl 

ton  and^M  R T  '^2. 179  (1949) ;  (e)  It.  M.  Lever- 

ton  and  M.  R.  Gram,  J.  Nutrition  39,  57  (1949). 

{a)  V.  1  .  Dole,  L.  K.  Dahl,  G.  C.  Cotzias,  H.  A.  Eder  and  M  E  Krehs  T 
aw,  <">  E.  Peschol  and  E.  L.  Peachel',  ibid. 
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allowance  for  good  nutrition  and  health.  From  findings  in  more  than  one 
hundred  nitrogen  balance  experiments  conducted  by  a  number  of  inde¬ 
pendent  investigators,  Sherman'*®  calculated  that  the  average  protein  re¬ 
quirement  for  the  maintenance  of  equilibrium  was  44  g.  for  an  adult  of 
either  sex  weighing  70  kg.,  or  g.  per  kilogram  of  body  weight  per  day. 
Some  of  these  experiments  were  of  relatively  short  duration,  and  Sherman 
suggested  that  the  best  data  would  indicate  an  average  need  not  far  from 
0.5  g.  per  kilogram  of  body  weight.  Rose  and  associates'**  showed  that  in 
healthy  young  men  nitrogen  balance  could  be  maintained  on  a  level  of 
nitrogen  consumption  of  7.02  g.  daily  when  more  than  95  %  of  the  nitrogen 
of  the  diet  was  in  the  form  of  a  mixture  of  the  ten  amino  acids  found  to  be 
indispensable  for  animals.  This  represents  about  44  g.  of  protein  daily. 

The  Food  and  Nutrition  Board  of  the  National  Research  CounciF^ 
recommends  as  a  desirable  allowance  of  protein  for  adults  1  g.  per  day  for 
each  kilogram  of  body  weight.  This  factor  of  safety  is  designed  to  cover 
individual  differences  in  requirement  as  well  as  variations  in  the  nutritive  ef¬ 
ficiency  of  protein  in  different  diets.  Protein  is  needed  in  increased  amounts 
in  the  latter  half  of  pregnancy  and  during  lactation.^^  In  children,  nitrogen 
balance  studies  indicate  that  positive  balances  may  be  obtained  with  the 
following  intakes  of  protein  per  kilogram  of  body  weight:  infancy,  4  to  3.5 
g.;  early  childhood,  3  to  2.5  g.;  late  childhood  and  adolescence,  2  to  1.5  g. 
The  amounts  required  depehd  on  the  size  of  the  child  and  the  quality  of 
the  protein. 

The  numerous  factors  which  influence  protein  utilization  have  been  le- 
viewed  recently  in  a  symposium;  data  obtained  in  nitrogen  balance  ex¬ 
periments  represent  the  summation  of  many  variables  which  must  be  con¬ 
sidered  in  interpretation.'*® 


2.  Metabolism  of  Protein 

In  the  digestive  tract,  proteins  are  hydrolyzed  to  peptides  and  ammo 
acids  (Chapter  17)  which  are  absorbed  into  the  portal  circulation  and 
carried  to  the  liver  and  from  there  to  the  tissues  by  the  systemic  blood. 
Several  fates  await  the  amino  acids.  (1)  They  may  be  dearaniated  the 
nitrogenous  fraction  being  largely  converted  to  urea  and  the  remamdei  o 


H.  C.  Sherman,  ref.  36,  p.  204. 
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the  molecule  transformed  into  dextrose  or  fatty  acids  and  utilized  for 
energy  or  stored  as  fat.  As  previously  noted,  carbohydrates,  protein,  and 
fat  meet  in  a  common  metabolic  pathway  in  which  the  2-carbon  unit  or 
coenzyme  A  occupies  a  central  position.  (2)  They  may  be  used  in  the  syn¬ 
thesis  of  cellular  proteins  of  any  of  the  tissues,  or  of  special  proteins  such 
as  hemoglobin,  albumin,  globulin,  fibrinogen,  etc.,  or  in  the  formation  of 
hormones,  which  are  protein  or  protein  derivatives,  or  in  the  synthesis  of 
enzymes  (Chapter  6).  Studies  of  Schoenheimer^^  demonstrated  that  tissue 
proteins  are  labile  compounds  which  are  undergoing  continual  breakdown 
and  synthesis.  Cannon^'*  has  recently  discussed  this  dynamic  equilibrium 
and  the  mechanisms  which  maintain  it.  Sprinson  and  Rittenberg^®  esti¬ 
mated  that  the  average  half-life  of  the  total  protein  in  man  is  about  80 
days,  the  rate  of  replacement  of  protein  nitrogen  being  about  1  g.  per  day. 
The  rate  of  amino  acid  exchange  varies  in  different  tissues;  the  turnover 
in  liver  and  plasma  accounts  for  41  %  of  the  total  exchange  in  man.  Kinsell 
and  associates^®  reported  that  plasma  protein  synthesis  and  degradation 
proceed  at  a  constant  rate  in  normal  persons.  In  patients  with  liver  disease 
the  rate  of  protein  formation  is  diminished,  and  in  idiopathic  hypoprotein- 
emia  the  rate  of  protein  degradation  is  increased. 


3.  Amino  Acids 


a.  Blood  levels  and  excretion  of  amino  acids.  Numerous  studies  of  the 
concentrations  of  amino  acids  in  blood  and  of  the  excretion  of  these  sub¬ 
stances  in  urine  and  feces  have  been  carried  out  in  man  by  means  of  micro¬ 
biologic  and  chromatographic  methods.  In  general,  the  fasting  amino  acid 
content  of  plasma  does  not  fluctuate  significantly,  despite  considerable 
vaiiation  in  the  quantity  of  amino  acids  ingested.^^  Considerable  variation 
in  urinary  excretion  of  amino  acids  has  been  observed,  and  the  rate  of 
excretion  of  the  several  amino  acids  is  not  directly  correlated  with  the 
respective  amounts  ingested  nor  with  the  blood  levels  of  these  acids.'*^^. 
Abnormal  urinary  excretion  of  amino  acids  has  been  reported  in  liver  dis¬ 
ease,'*®  but  not  111  peptic  ulcer,«  chronic  ulcerative  colitis,®®  or  following 
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surgical  procedures  when  nitrogen  balance  is  negative.  After  radiation 
injury,  an  increase  in  amino  acid  excretion  was  noted  in  some  subjects.®^ 
Albanese,®^  who  has  been  studying  amino  acid  deficiencies  in  man,  expressed 
the  view  that  changes  in  amino  acid  levels  in  urine  and  blood  may  be  useful 
in  detecting  certain  of  these  deficiencies.  He  also  suggested  that  in  protein- 
depleted  states,  a  diet  poor  in  one  essential  amino  acid  may  be  more  dele¬ 
terious  than  one  poor  in  protein. 

b.  Specific  amino  acids  in  human  nutrition.  Knowledge  of  the  metabolic 
role  of  individual  amino  acids  is  increasing.  Tryptophan  has  been  shown  to 
be  a  precursor  of  niacin  in  neurospora  and  in  many  species  of  animals, 
including  man.®^  Administration  of  tryptophan  to  human  subjects  leads 
to  an  increase  in  the  excretion  of  N‘-methylnicotinamide  (N^-Me),  the 
pyridone  of  N^-Me,  and  quinolinic  acid.^^  Studies  in  neurospora  and  in 
the  rat  have  elucidated  some  of  the  steps  in  the  conversion  of  tryptophan 
to  niacin  (Chapter  5) .  This  conversion  appears  to  take  place  in  the  tissues 
and  not  in  the  intestinal  tract Recent  findings  in  man  suggest  that  quino¬ 
linic  acid  is  not  in  the  main  pathway  of  conversion,  although  some  increase 
in  excretion  of  niacin  metabolites  followed  administration  of  this  sub¬ 
stance.^^**  Pyridoxine  is  involved  in  the  conversion  mechanism  and,  in 
deficiency  of  this  vitamin,  conversion  is  impaired.®®  The  finding  that  the 
amino  acid  tryptophan  can  be  converted  to  niacin  in  the  body  explains, 
in  part,  the  role  of  corn  diets  in  the  pathogenesis  of  pellagra.  Not  only  is 
corn  low  in  niacin,  but  the  main  protein,  zein,  is  low  in  tryptophan  (see 


p.  560). 

Knowledge  of  metabolic  pathways  of  phenylalanine  and  tyrosine  has 
been  obtained  by  study  of  certain  inborn  errors  of  metabolism  in  man 
(see  Chapter  5).  Of  particular  interest  in  human  nutrition  is  the  relation¬ 
ship  of  ascorbic  acid  and  folic  acid  in  the  metabolism  of  these  two  ammo 
acids.  In  premature  infants  or  in  persons  with  scurvy,  the  feeding  of  high 
protein  diets  or  the  administration  of  tyrosine  leads  to  hydroxyphenyluria. 
Both  ascorbic  acid  and  folic  acid  (large  doses)  will  prevent  the  excretion  of 
abnormal  quantities  of  hydroxyphenyl  derivatives.®'  Recently,  Sealock 
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(1952). 

52  A.  A.  Albanese,  J.  Clin.  Nutrition  1,  44  (1952). 

53  H.  P.  Sarett  and  G.  A.  Goldsmith,  J.  Biol.  Cheni.  177, 

5^  (a)  G.  A.  Goldsmith,  11.  P.  Sarett,  U.  D.  Register,  and  J-  Gibbens,  J.  Clin. 

Invest.  31,  533  (1952);  (6)  H.  P.  Sarett,  J.  Biol.  Cheni.  193,  627  (1951). 

55  H.  P.  Sarett,  J.  Nutrition  47,  275  (1952). 

5«  S.  Snydermann,  R.  Carretero,  and  L.  E.  Holt,  Jr.,  Federa  ton 

52  (l^^C.  W.  Woodruff,  M.  E.  Cherrington,  A.  K.  Stockell, 

Biol.  Chem.  178,  861  (1949)  l  (6)  J.  E.  Morris,  E.  R^Harpur  A- 
J.  Clin.  Invest.  29,  325  (1950);  (c)  C.  W.  Woodru^  7. 

(1950)1  (d)  W.  F.  Rogers,  Jr„  and  F.  Gardner,  J.  Chn.  Invest.  28,  806  (194J). 


APPLICATION  TO  HUMAN  NUTRITION 


521 


and  Goodlaiid®*  demonstrated  that  ascrobic  acid  is  a  necessary  coenzyme 
in  the  metabolic  oxidation  of  tyrosine. 

Although  investigation  of  methionine  metabolism  in  animals  has  been 
extensive,  little  is  known  about  the  application  of  these  findings  to  man. 
Relationships  between  vitamin  B12,  folic  acid,  choline,  and  methionine  have 
been  observed  in  a  number  of  animal  species.  All  these  nutrients  seem  to 
participate  in  transmethylation.  The  importance  of  methyl  groups  in  the 
prevention  of  fatty  livers  and  cirrhosis  in  animals  fed  diets  high  in  fat,  or 
low  in  protein  and  low  in  fat,  is  well  known.  The  methyl  groups  are  pre¬ 
sumably  of  similar  importance  in  man.  Many  patients  -wfilh  cirrhosis  give 
a  dietary  history  indicative  of  deficient  intake  of  protein  and  of  vitamins 
of  the  B  complex.  Many  investigators  have  reported  improvement  in  such 
patients  when  a  high  protein  diet  was  instituted.  In  subjects  with  alcoholic 
fatty  cirrhosis,  Eckhardt  and  colleagues®*  have  shown  that  administration 
of  choline  will  cause  moderate  reduction  in  liver  fat  and  that  provision  of  a 
diet  adequate  in  protein  will  be  followed  by  a  decrease  in  fat  and  a  return 
of  the  size  and  appearance  of  cells  to  normal.  Gayer  and  Cornatzer®°  have 
shown  an  increase  in  phospholipid  turnover  in  untreated  patients  with 
chronic  hepatitis  after  a  large  single  dose  of  choline  or  methionine.  Ralli 
and  co-workers®^  reported  that  administration  of  liver  extract,  in  conjunc¬ 
tion  with  conventional  therapy,  increased  survival  rate  in  patients  with 
cirrhosis.  It  is  conceivable  that  vitamin  B12  may  have  played  a  role  in  the 
improvement  noted.  Studies  of  Kirsner®*  suggest  that  amino  acids,  with 
the  possible  exception  of  methionine,  are  metabolized  adequately  in  sub¬ 
jects  with  cirrhosis  although  less  efficiently  than  normal.  Concentrations 
of  methionine  in  plasma  were  greatly  increased  in  acute  severe  hepatitis. 

Gross  and  associates®®  found  an  increased  loss  of  fat  in  the  stools  in  pa¬ 
tients  with  cirrhosis  and  postulated  defective  formation  of  bile  salts  as  the 
cause.  Serum  concentrations  of  sodium,  potassium,  calcium,  and  phos- 
p  orus  have  been  found  to  be  lower  than  normal,  and  blood  pyruvic  acid 
evels  elevated,  in  patients  with  decompensated  alcoholic  cirrhosis.®'*  When 
an  adequate  diet  was  instituted,  these  findings  reverted  to  normal.  The 
low  levels  of  calcium  and  phosphorus  may  have  resulted  from  an  increase 
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in  fat  ill  the  stools.  In  hepatic  coma,  marked  elevations  of  pyruvic  acid 
have  been  observed  in  both  blood  and  spinal  fluid  which  were  not  affected 
by  thiamine  administration.  It  was  suggested  that  failure  of  the  liver  to 
assimilate  pyruvic  acid  to  form  the  carboxylic  acids  of  the  Krebs  cycle 
might  explain  these  findings  or  that  they  might  be  due  to  a  partial  de¬ 
ficiency  of  cocarboxylase.  Failure  of  mechanisms  of  cellular  aerobic  me¬ 
tabolism  might  perhaps  explain  the  neurologic  and  renal  manifestations  of 
hepatic  coma. 

c.  Amino  acids  in  therapy.  Protein  hydrolyzates  and  mixtures  of  pure 
amino  acids  have  been  used  in  the  therapy  of  many  pathologic  states. 
Normal  protein  requirement  can  be  satisfied  and  nitrogen  equilibrium 
maintained  by  intravenous  administration  of  properly  prepared  hydroly¬ 
zates  or  solutions  of  amino  acids.  In  disease,  it  may  be  impossible  to  fulfill 
the  requirement  by  intravenous  feeding.  If  hydrolyzates  are  supplemented 
by  individual  amino  acids  in  large  amounts,  the  resulting  imbalance  may 
cause  a  loss  of  body  nitrogen.  Nausea  and  vomiting  which  may  follow  ad¬ 
ministration  of  amino  acid  preparations  appear  to  be  related  to  the  free 
glutamic  acid  content  of  the  mixture.®^ 


4.  Protein  Deficiency  Syndromes 

The  probable  importance  of  protein  in  the  pathogenesis  and  treatment 
of  cirrhosis  of  the  liver  has  already  been  mentioned.  Protein  deficiency  is 
usually  associated  with  caloric  deficiency  and  occurs  in  a  variety  of  con¬ 
ditions  other  than  simple  starvation.  Deficiency  is  common  in  prolonged 
febrile  illnesses,  thyrotoxicosis,  and  other  hypermetabolic  states;  in  dis¬ 
eases  associated  with  loss  of  protein  from  the  body ,  such  as  nephi  osis, 
effusion  into  serous  cavities,  weeping  wounds,  etc.;  in  conditions  interfering 
with  digestion  and  absorption;  and  in  metabolic  diseases  which  interfere 
with  utilization.  Following  trauma  such  as  fractures,  burns,  and  operative 
procedures,  a  profound  negative  nitrogen  balance  may  occur,  persisting 
for  days.®®  Nitrogen  loss  may  amount  to  as  much  as  0.6  g.  per  kilogram  of 
body  weight  daily.  In  chronically  starved  individuals,  the  loss  following 
injury  is  less  than  in  normal  subjects.  It  is,  at  times,  impossible  to  produce 
a  positive  nitrogen  balance  even  with  a  large  protein  intake,  but  if  serious 
depletion  has  occurred  such  an  attempt  may  be  life-saving. 

The  clinical  syndrome  of  protein  deficiency  includes  the  fol  owing  find¬ 
ings:  loss  of  weight,  loss  of  subcutaneous  fat,  wasting  of  muscles,  pigment 
changes  in  the  skin,  hypotension,  bradycardia,  weakness,  and  edemin 
basal  metabolic  rate  falls,  anemia  is  common,  and  a  decrease  m  P  " 

teins,  especially  of  the  albumin  fraction,  may  be  noted  Hemoconcentrat.on 
and  a  decrease  in  blood  volume  are  frequently  observed. 
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Procedures  for  evaluating  the  state  of  protein  nutrition  are  far  from 
exact.  Estimation  of  the  percentage  of  body  weight  which  has  been  lost  is 
a  good  index  of  the  severity  of  protein  deficiency,  although  edema  may  mask 
findings.  Determination  of  the  concentration  of  serum  proteins,  especially 
of  the  albumin  fraction,  is  informative  as  to  the  extent  of  protein  depletion 
and  is  of  assistance  in  planning  and  evaluating  therapy. 

In  calculating  needs  for  replacing  body  stores  of  protein,  it  is  assumed, 
on  the  basis  of  animal  experiments,  that  each  gram  decrease  in  total  cir¬ 
culating  plasma  albumin  represents  a  loss  of  30  g.  of  tissue  protein.®^  Re¬ 
habilitation  of  patients  with  severe  protein  deficiency  may  require  long 
periods  of  time  and  with  continuous  loss  of  protein  from  the  body  may  be 
impossible.  The  slow  recovery  is  readily  appreciated  in  view  of  some  of 
the  considerations  noted  above. 

Kwashiorkor,®®  a  syndrome  observed  in  infants  and  young  children  in 
Africa  and  in  certain  other  parts  of  the  world,  appears  to  be  due  to  defi¬ 
ciency  of  foods  containing  animal  protein,  or  vegetable  protein  of  high 
biological  value.  The  daily  food  supply  in  areas  where  Kwashiorkor  is 
common  is  very  low  in  methionine.  Characteristic  findings  in  this  syndrome 
include  retarded  growth,  alteration  in  skin  and  hair  pigmentation,  edema, 
fatty  infiltration  with  cellular  necrosis  and  fibrosis  of  the  liver,  and  a  high 
mortality  in  the  absence  of  proper  dietary  treatment.  Skim  milk  powder 
has  been  shown  to  be  effective  therapy. 

IV.  Carbohydrates  in  Nutrition 

Carbohydrates  furnish  50  to  60  %  of  the  total  calories  in  the  average 
American  diet  and  a  still  larger  percentage  in  diets  in  other  parts  of  the 
world.  Since  carbohydrate  may  be  synthesized  in  the  body  from  certain 
amino  acids  and  fatty  acids,  there  is  no  true  dietary  requirement.  Much  of 
our  knowledge  of  carbohydrate  metabolism  has  been  gleaned  from  studies 
in  animals  or  from  in  vitro  experiments,  but  clinical  investigations  indicate 
that  most  of  the  concepts  are  applicable  to  man.  Since  carbohydrate  me¬ 
tabolism  IS  discussed  in  detail  in  Chapter  4,  only  a  brief  resum4  of  pertinent 
findings  will  be  given  here. 


1.  Digestion  and  Absorption  of  Carbohydrates 

In  the  dipstive  process,  carbohydrates  are  broken  down  to  monosac¬ 
charides  which  are  absorbed  from  the  small  intestine  either  by  diffusion  or 
by  a  specific  mechanism  involving  phosphorylation.  Glucose  galactose 
and^  fructose  are  absorbed  by  both  processes.  Many  factors  influence  ab- 
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sorption:  the  food  mixture  in  the  intestine,  the  condition  of  the  intestinal 
mucous  membrane,  the  intake  of  vitamins  of  the  B  complex,  and  the  func¬ 
tion  of  the  endocrine  glands,  especially  the  thyroid,  the  anterior  pituitary, 
and  the  adrenal  cortex. 


2.  Intermediate  Metabolism  and  Functions  of  Carbohydrates 


Carbohydrate  is  utilized  chiefly  for  energy  and  is  more  efficient  than 
protein  or  fat  in  providing  fuel  for  muscular  exercise.  It  is  stored  in  the 
liver  and  muscles  as  glycogen,  or  it  may  be  converted  to  protein  or  fat. 
Carbohydrate  is  present  in  the  blood  and  extracellular  fluids  as  glucose, 
all  hexoses  being  converted  to  glucose  in  the  liver.  The  formation  of  carbo¬ 
hydrate  from  non-carbohydrate  precursors,  gluconeogenesis,  occurs  in  the 
liver  and  probably  also  in  the  kidney. 

The  concentration  of  glucose  in  the  blood  is  maintained  at  a  relatively 
constant  level  by  homeostatic  processes  which  include  enzymatic,  nervous, 
and  hormonal  components  (Chapter  4).  A  balance  is  preserved  between 
glucose  production  and  glycogenolysis,  on  one  hand,  and  glucose  utiliza¬ 
tion,  on  the  other.  If  the  concentration  of  glucose  in  the  blood  falls  below  a 
critical  level,  serious  damage  may  result.  Carbohydrate  is  essential  for 
normal  functioning  of  the  heart  and  nervous  system,  tissues  of  the  latter 
using  only  glucose  to  satisfy  energy  requirements.  Hypoglycemia  may 
precipitate  severe  myocardial  injury  and  even  death,  in  older  individuals 
with  arteriosclerosis.  Prolonged  episodes  of  hypoglycemia  may  induce 


permanent  damage  to  the  brain. 

Glycogen  stores  in  the  liver  vary  with  the  type  of  diet  ingested;  they 
are  highest  when  the  diet  contains  large  amounts  of  carbohydrate,  inter- 
mediate  when  the  diet  is  rich  in  protein,  and  lowest  when  the  diet  is  high 
in  fat.  A  diet  high  in  carbohydrate  ensures  adequate  glycogen  storage 
which  assists  in  protection  of  the  liver  against  injury.  Carbohydrate  exerts 
a  detoxifying  action  in  the  liver;  e.g.,  acetyl  groups  derived  from  car  o- 
hydrate  are  used  in  acetylation  of  numerous  compounds,  including  sulfa 
drugs  and  glycuronic  acid  derived  from  carbohydrate  combines  with  com¬ 
pounds  containing  phenolic-hydroxyl  groups.  The  latter  mechanism  may  be 
important  in  regulating  the  metabolism  of  steroid  hormones  and  m  prevent¬ 
ing  accumulation  of  excessive  amounts  of  the  sex  hormones^ 

Carbohydrate  has  an  antiketogenic  action  in  that  it  inhibits  the  break¬ 
down  of  fatty  acids  in  the  liver.  It  exerts  a  sparing  action  on  protein  by 
decreasing  the  rate  of  deamination  of  ammo  acids  m  the  livei . 

The  infermediary  metabolism  of  carbohydrate  is  discussed  in  Chapter  , 
to  whirL  reader  is  referred  for  details  of  the  enzymatic  conversion  o 
L  Ls  the  fmmatlon  of  glycogen,  and  the  Embden-Meyerhof  scheme  o 
glvcoly  is.  Terminal  oxidation  of  carbohydrate  is  also  discussed ,  he  oxida 
ton  and  reactions  of  pyruvic  acid,  the  monophosphate  shunt,  and  the  tu 
carboxylic  acid  cycle  are  illustrated  diagrammatically. 
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It  might  be  emphasized  here  that  a  number  of  the  coenzymes  concerned 
in  the  chemical  reactions  involving  carbohydrate  are  formed  from  vitamins 
of  the  B  complex.  Coenzymes  containing  thiamine,  niacinamide,  riboflavin, 
pyridoxine,  and  pantothenic  acid  are  vital  in  various  steps  in  the  degrada¬ 
tion  and  synthesis  of  carbohydrate.  An  insufficient  supply  of  any  one  of 
these  factors  will  prevent  metabolism  from  proceeding  normally.  This 
knowledge  is  applied  in  diagnosing  deficiency  of  at  least  one  of  the  B  vi¬ 
tamins.  In  thiamine  deficiency,  pyruvic  acid,  an  intermediate  in  the  break¬ 
down  of  glucose,  accumulates  in  the  blood  and  tissues.  Determination  of  the 
concentration  of  pyruvic  acid  in  blood  and  of  the  lactate-pyruvate  ratio  is 
used  in  evaluating  thiamine  nutrition. 

Diets  high  in  carbohydrate  require  a  generous  supply  of  vitamins  of  the 
B  group.  When  sugar  and  highly  milled  cereals,  from  which  most  of  the  B 
vitamins  have  been  removed,  are  the  chief  sources  of  carbohydrate,  vitamin 
B  complex  deficiency  may  result.  In  order  to  provide  an  adequate  intake  of 
these  vitamins  for  large  population  groups  who  use  refined  cereals  as  the 
staple  article  of  food,  a  program  of  enrichment  has  been  developed.  Vi¬ 
tamins  of  the  B  complex  have  been  added  to  white  flour,  polished  rice  or 
corn  meal  in  amounts  equal  to  those  present  in  whole  grain.  Use  of  these 
enriched  products  has  resulted  in  improvement  in  the  nutritional  status  of 
populations  in  certain  areas  of  the  world,  for  example,  in  Newfoundland 
and  in  the  Philippines.®® 

The  hormonal  regulation  of  carbohydrate  metabolism  is  considered  in 
Chapter  4,  including  the  roles  of  insulin  and  of  the  adrenal  and  pituitary 
hormones.  This  knowledge,  and  speculations  based  thereon,  have  proved 
most  useful  in  the  understanding  and  therapy  of  diabetes  mellitus  and  in 
the  management  of  diseases  associated  with  adrenal  or  pituitary  dysfunc¬ 
tion.  The  extensive  use  of  adrenocorticotropic  hormone  (ACTH)  and 
cortisone  m  clinical  medicine  during  the  past  few  years  has  greatly  eir 

hanced  our  knowledge  of  the  part  played  by  these  factors  in  carbohydrate 
metabolism  in  man. 


3.  Abnormalities  of  Carbohydrate  Metabolism 

“^dicme,  the  tests  most  often  used  to  detect  abnormalities  of 
carbohydrate  metabolism  are  determination  of  glucose  excretion  in  the 
urine  and  estimation  of  the  glncose  concentration  in  the  blood  during  fast¬ 
ing  and  after  administration  of  a  large  dose  of  glucose  (glucose  tolerance 

*’  Itin  '  t;  D^diy,  R.  C.  Steiiikamp,  A.  S.  Beam  and  E 

McDevitt  d  Aalnlioa  40,  41  (1950);  (5)  W.  K.  Aykroyd,  N  Jolliffc  O  H 

andTc  zt  rV  ■  *'■  P-  Tisdalb  R  M  Wdder' 

Carrasco',  R  F  ^d  R  C  VaT"''  T  1"  O- 

b.  Burch',  J.  Salced::  Z  ,  1 0.'  ^atasTo  C  L  C 

zbt'd.  42,  9  (1950).  ’  '  A.  B.  Caldwell, 


526 


GRACE  A.  GOLDSMITH 


test).  The  small  amounts  of  glucose  in  urine  in  normal  persons,  less  than 
0.1  %,  are  not  detectable  by  the  usual  clinical  procedures.  An  increase  in 
glucose  excretion  and  an  abnormally  high  concentration  of  glucose  in  blood 
in  the  post-absorptive  state  are  presumptive  evidence  of  diabetes  mellitus 
but  occur  in  other  conditions.  The  glucose  tolerance  test  is  of  assistance  in 
establishing  a  diagnosis.  In  diabetes  mellitus,  the  blood  sugar  rises  to  ab¬ 
normally  high  levels  and  remains  elevated  for  3  hr.  or  more,  after  a  large 
dose  of  glucose.  The  blood  sugar  response  to  oral  administration  of  glucose 
is  dependent  in  part  on  the  previous  diet;  when  the  diet  is  high  in  fat,  the 
elevation  of  blood  sugar  is  greater  and  more  prolonged  than  when  the  diet 
is  high  in  protein;  when  the  diet  is  high  in  carbohydrate,  the  rise  is  least 
and  of  shortest  duration.  A  diabetic  type  of  glucose  tolerance  test  may 
be  found  in  association  with  hyperactivity  of  the  pituitary  gland  or  of  the 
adrenal  cortex,  in  thiamine  deficiency  and  during  starvation.  Abnormally 
rapid  absorption  of  glucose  is  found  in  hyperthyroidism,  while  abnormally 
slow  absorption  occurs  in  hypothyroidism,  Simmonds’  disease  (hypopitui¬ 
tarism),  and  Addison’s  disease  (adrenal  insufficiency),  in  the  steatorrheas, 
including  sprue,  and  in  nutritional  macrocytic  anemia.  In  these  conditions 
a  “flat”  glucose  tolerance  test  is  characteristic. 

An  excessive  fall  in  blood  sugar  several  hours  after  a  meal,  especially  one 
which  is  high  in  sugar,  is  observed  in  certain  persons  who  are  otherwise 
normal.  Hypoglycemia  is  also  observed  in  hyperinsulinism. 


4.  Metabolism  of  Fructose  and  Invert  Sugar 


Recent  studies  of  the  metabolism  of  fructose  in  normal  and  diabetic 
subjects  indicate  that  fructose  is  assimilated  more  rapidly  than  glucose 
and  its  metabolism  appears  to  be  independent  of  the  action  of  insulin. 
Solutions  of  invert  sugar  have  been  used  in  the  treatment  of  non-diabetic 
subjects  who  must  be  nourished  by  the  parenteral  route.  Advantages 
claimed  for  invert  sugar  as  a  source  of  calories,  in  comparison  to  glucose, 
are  more  rapid  assimilation  by  the  body  and  smaller  loss  of  sugar  in  the 
urine.  Actually,  the  caloric  increment  is  not  great. 

V.  Fats  in  Human  Nutrition 


has  been  the  subject  of  increasing  interest  and 
:w  years,  attention  has  been  directed  particularly 


to  the  role  of  fat  in  the  pathogenesis  of  atherosclerosis. 
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1.  Fat  Requirement 

Fat  is  needed  in  human  nutrition  for  growth  and  replacement  of  tissues, 
for  certain  lipid  secretions,  and  as  a  source  of  energy.  The  optimal  level  of 
fat  in  the  diet  is  not  known,  and  since  fat  may  be  formed  from  carbohydrate 
or  protein,  no  definite  requirement  can  be  formulated.  Fat  increases  the 
palatability  of  the  diet  and  also  reduces  the  bulk,  since  the  energy  value  of 
fat  is  more  than  twice  that  of  an  equivalent  amount  of  protein  or  carbo¬ 
hydrate.  Dietary  fat  also  acts  as  a  carrier  for  the  fat-soluble  vitamins. 

In  animals,  certain  unsaturated  fatty  acids,  such  as  linolenic  or  linoleic 
acids,  are  essential  dietary  components.  Whether  these  compounds  can  be 
synthesized  by  man  has  not  been  determined,  but  since  they  are  widely 
present  in  fats  ordinarily  consumed,  deficiency  seems  an  unlikely  possi¬ 
bility.  In  dogs,  there  is  evidence  for  a  need  of  fat  above  that  necessary  to 
relieve  specific  effects  of  essential  fatty  acid  deficiency  (Chapter  7).  This 
may  be  true  in  other  species,  including  man. 


2.  Digestion  and  Absorption  of  Fats 

The  energy  lipids,  chiefly  triglycerides,  are  hydrolyzed  by  pancreatic 
lipase  in  the  small  intestine  to  fatty  acids  and  glycerol.  According  to 
Fraser  (Chapter  7),  hydrolysis  may  be  only  partial  and  fats  can  be  ab¬ 
sorbed  both  as  fatty  acids  and  as  glycerides.  Bile  salts  are  of  great  import¬ 
ance  in  the  emulsifying  system  which  effects  absorption.  Fine  fat  particles, 
either  particulate  glycerides  or  fatty  acids,  enter  the  cell  border  and  pass 
into  the  chyle.  Fatty  acids  of  less  than  10-carbon  length,  or  glycerides  con¬ 
taining  short-chain  fatty  acids,  may  pass  to  the  liver  by  way  of  the  portal 
vein  or  may  be  metabolized  in  the  intestinal  wall  (Chapter  7).  There  is 
some  controversy  as  to  whether  or  not  unsplit  fat  can  enter  the  lacteal s 
directly.  It  is  postulated  by  some  that  only  fatty  acids  can  be  absorbed 
and  that  glycerides  are  resynthesized  in  the  intestinal  mucosa  by  a  process 
which  involves  phosphorylation.  Dietary  phospholipid  is  not  hydrolyzed 
and  passes  into  the  intestinal  wall  as  such.  Cholesterol  is  freely  absorbed 
only  in  the  presence  of  fat.  The  lecithin  which  leaves  the  intestine  is  formed 
from  part  of  the  glyceride  (Chapter  7). 

Absorption  of  fat  is  seriously  impaired  in  man  in  the  absence  of  bile 
rom  the  intestinal  tract,  for  example,  in  obstructive  jaundice,  although 
spitting  of  fat  to  fatty  acids  and  glycerol  proceeds  normally.  In  sprue 
idiopathic  steatorrhea  and  the  celiac  syndrome,  fat  is  also  poorly  absorbed’ 
although  there  is  no  decrease  in  available  bile  and  the  enzymatic  break¬ 
down  to  fatty  acids  is  unimpaired.  It  has  been  suggested  that  a  defeotiv^ 
^.osphorylatin,  .eohanism,  due  to  deficiency  of  0^0? lot  Aam C 

the  B  complex  may  account  for  poor  absorption  in  the  sprue  syndrome 
Folic  acid  may  be  one  of  the  factors  involved,  syndrome. 
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3.  Blood  Levels  of  Lipids 

The  lipids  in  the  blood  during  fasting  consist  largely  of  phospholipids, 
cholesterol,  and  cholesterol  esters  and  almost  no  triglycerides.  After  a 
fat  meal,  glycerides  in  the  blood  increase  300  to  500  mg.  per  100  ml.  Maxi¬ 
mum  hyperlipemia  is  observed  2}4  to  3  hr.  after  ingestion  of  a  moderate 
amount  of  fat  and  the  fasting  level  is  attained  by  the  fifth  hour  (Chapter  7). 
Hyperlipemia  depends  upon  the  rate  of  removal  of  fat  from  the  blood  as 
well  as  on  the  rate  of  intake.  Administration  of  heparin  has  been  shown  to 
prevent  normal  alimentary  lipemia.  This  action  may  be  related  to  the 
beneficial  effect  of  heparin  reported  by  Jones  and  associates'^^  in  patients 
with  atherosclerosis,  namely,  reduction  in  the  level  of  certain  lipoproteins 
in  the  blood. 

Endogenous  hyperlipemia  occurs  in  uncontrolled  diabetes  and,  at  times, 
in  starvation,  pregnancy,  lactation,  severe  anemia,  nephrosis,  and  after 
hemorrhage.  The  lipid  changes  appear  to  be  associated  with  a  decrease  in 
plasma  protein  concentration  or  in  o.xygen-carrying  capacity  of  blood 
(Chapter  7). 

The  normal  level  of  cholesterol  in  blood  is  in  the  neighborhood  of  200 
mg.  per  100  ml.,  of  which  over  60  %  is  esterified.  An  increase  in  cholesterol 
level  occurs  with  age.  The  concentration  is  not  significantly  related  to  the 
intake  of  cholesterol  over  a  range  of  250  to  800  mg.  daily  but  is  influenced 

by  the  amount  of  fat  in  the  diet,  as  will  be  discussed  subsequently.^^  The 
phospholipid  level  in  the  blood  is  about  220  mg.  per  100  ml.  and  increases 
with  age  in  a  manner  similar  to  that  noted  for  cholesterol.  The  amount  of 
phospholipid  in  relation  to  that  of  cholesterol  in  blood  may  be  a  factor  in 

maintaining  normal  lipid  dispersion. 

The  lipids  in  plasma  are  associated  closely  with  protein,  mainly  with  the 
alpha  and  beta  globulin  fractions,  and  recent  investigation  has  indicated 
that  lipoprotein  complexes  are  of  great  metabolic  importance.  1  hey  appear 
to  play  a  role  in  antigen-antibody  reactions,  and  certain  lipoproteins  may 
be  implicated  in  the  development  of  atherosclerosis. 


4.  Intermediate  Met.\bolism  of  F.4.ts 


Ekstein^^  has  summarized  the  fate  of  absorbed  fatty  acids  as  folloivs. 
incorporation  into  more  complex  lipids,  conversion  into  other  fatty  acids, 
transformation  into  carbohydrate,  use  in  the  production  of  milk  fat  excre¬ 
tion  through  the  gut,  deposition  in  fat  depots,  or  oxidation  to  carbon  di- 
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oxide  and  water  with  the  liberation  of  energy.  The  metabolic  processes 
involved  in  these  pathways  are  discussed  in  Chapter  7 . 

Cholesterol  can  be  synthesized  in  the  human  body  from  2-carbon  fvug- 
ments,  and  it  has  been  estimated  that  1.5  to  2  g.  may  be  formed  daily. 
Cholesterol  is  closely  related  to  other  steroid  compounds,  including  the 
bile  acids,  vitamin  D3,  and  the  adrenal  cortical  and  sex  hormones,  and  may 
be  a  precursor  of  these  compounds.  The  half-life  of  cholesterol  in  man  has 
been  estimated  to  be  8  days. 

Phospholipids  can  be  synthesized  in  many  tissues,  including  liver,  kidney, 
muscle,  and  brain,  and  the  turnover  in  these  tissues  has  been  measured 
using  (Chapter  7). 

Lipids  are  important  components  of  cell  structure  and  are  found  in 
cytoplasm,  microsomes,  mitochondria,  and  cell  membranes  usually  closely 
bound  to  protein. 


5.  Storage  of  Fat-Obesity 

Adipose  tissue  contains  triglycerides  of  palmitic  and  oleic  acids.  The 
metabolism  of  cells  in  which  fat  is  deposited  is  more  active  than  is  commonly 
appreciated.  These  cells  synthesize,  assimilate,  store,  and  mobilize  glyc¬ 
erides  and  glycogen.  Studies  with  labeled  fat  indicate  that  mobilization  of 
fat  from  depots  is  constantly  taking  place.  The  amount  of  fat  stored  in 
these  depots  is  dependent  upon  the  intake  of  energy-producing  foods  in 
relation  to  energy  expenditure.  Excessive  storage  of  fat  results  in  obesity, 
vith  its  related  problems.  These  have  been  discussed  in  the  section  on 
caloric  overnutrition  (p.  516). 


6.  Utilization  of  Fat  for  Energy 

Fatty  acids  are  used  for  energy  in  the  liver  and  many  other  tissues.  This 
IS  a  continuous  process,  since  the  respiratory  quotient  is  always  somewhat 
less  than  1.  An  increase  in  the  demand  of  fat  for  energy  occurs  when  there 
is  a  shortage  of  carbohydrate.  This  is  of  particular  importance  in  clinical 
medicine  during  starvation  and  in  diabetes  mellitus.  Recent  work  with 
isotopes  indicates  that  long-chain  fatty  acids  are  degraded  by  rapid  frag¬ 
mentation  of  the  whole  chain  to  form  2-carbon  and,  occasionally,  4-carbon 
units  Two-carbon  units  may  enter  the  tricarboxylic  acid  cycle,  may  be 
synthesized  into  fatty  acids  or  cholestorol,  or  may  condense  to  form  aceto- 
acetic  acid.  Acetoacetic  acid  is  not  broken  down  in  the  liver  but  may  be 
used  in  the  tissues.  1  he  formation  of  this  compound  is  greatly  increased 
If  there  is  inteRerence  with  passage  of  2-carbon  units  into  the  tricarboxylic 
cycle,  as  111  diabetes  mellitus  and  starvation.  In  these  conditions,  the 

R.  G.  Gould,  Am.  J.  Med.  11,  209  (1951). 
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concentration  of  acetoacetic  acid  increases  in  the  blood  and  tissues,  and 
when  it  reaches  20  mg.  per  100  ml.  ketonuria  results.  Much  of  the  aceto¬ 
acetic  acid  may  be  converted  to  jS-hydroxybutyric  acid  and  acetone.  Acido¬ 
sis  due  to  excessive  formation  of  ketone  bodies  is  a  serious  hazard  in  diabetes 
mellitus.  Also,  in  diabetes,  fatty  acid  synthesis  in  the  liver  is  defective 
while  formation  of  cholesterol  may  be  increased.  The  proper  management  of 
diabetes  with  diet  and  insulin  will  prevent  ketosis  and  assist  in  reversal  of 
the  pathologic  processes  discussed  above. 


7.  Fat  and  Liver  Disease 


The  majority  of  the  fat  in  liver  is  phospholipid,  the  remainder  being 
glycerides  and  cholesterol.  Phospholipid  turnover  is  greater  in  the  liver 
than  elsewhere,  and  the  liver  is  the  main  source  of  plasma  phospholipids. 
Although  the  lipid  concentration  in  normal  liver  is  about  4%,  no  fat  is 
visible  in  the  cells  with  the  usual  staining  techniques.  In  certain  pathologic 
conditions,  lipids  accumulate  in  the  liver  and  fat  may  be  visualized  in 
the  cells  following  staining.  Such  accumulation  must  be  due  to  either  ex¬ 
cessive  synthesis  or  defective  removal.  In  man,  as  in  many  animals,  fatty 
livers  appear  to  be  associated  with  a  deficiency  of  choline  or  methionine. 
Accumulation  of  fat  in  the  liver  cells  is  followed  by  fibrosis  and  cirrhosis. 

Cirrhosis  of  the  liver  in  man  is  often  found  in  chronic  alcoholism  and  is 
probably  due  to  dietary  deficiency.  In  active  fatty  alcoholic  cirrhosis, 
choline  administration  has  been  shown  to  lead  to  a  decrease  in  liver  fat. 
An  increase  in  the  rate  of  phospholipid  turnover,  following  administration 
of  10  g.  of  choline  or  methionine,  has  been  demonstrated  in  patients  with 
cirrhosis  who  had  evidence  of  fatty  infiltration  of  the  liver  as  shown  by 
biopsy."^^  In  animals,  vitamin  B12  and  folic  acid  are  intimately  related  to 
choline  and  methionine  metabolism  and  are  important  in  the  prevention 
of  fatty  livers  under  certain  conditions.^®  Whether  these  vitamins  are  re¬ 
lated  to  accumulation  of  fat  in  the  liver  and  cirrhosis  in  man  remains  to  be 
ascertained.  The  value  of  high  protein  diets  in  the  prevention  and  treat¬ 
ment  of  experimental  dietary  cirrhosis  in  animals  is  well  established;  there 
is  much  evidence  that  such  is  also  true  in  man^®  (see  also  p.  521). 
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8.  Lipids  and  Atherosclerosis 


Experimental  atherosclerosis  has  been  produced  by  feeding  cholesterol 
to  rabbits  and  rats,  by  administration  of  diethylstilbestrol  which  induces 
endogenous  hypercholesteremia  in  chicks,  and  by  administration  of  an 
anti-thyroid  drug  in  association  with  a  high  cholesterol  intake  in  dogs.^^ 
The  relationship  of  cholesterol  to  atheromatous  deposits  in  the  blood  vessels 
of  man  remains  speculative.  Diets  used  in  the  induction  of  atherosclerosis 
in  animals  contain  much  more  cholesterol  than  is  found  in  human  diets. 
Furthermore,  cholesterol  is  synthesized  in  the  human  body,  and  the  serum 
level  seems  to  be  largely  independent  of  the  cholesterol  intake.  However, 
serum  cholesterol  concentration  appears  to  be  influenced  by  the  fat  content 
of  the  diet,  decreasing  when  the  diet  is  low  in  fat  and  increasing  when  fat 
is  abundant. The  following  evidence  suggests  a  relationship  of  cho¬ 
lesterol  to  the  pathogenesis  of  human  atherosclerosis:  (1)  early  and  ex¬ 
tensive  atherosclerosis  occurs  in  persons  with  diabetes  mellitus  and  ne¬ 
phrosis,  diseases  which  are  associated  with  hypercholesteremia ;  (2)  serum 
cholesterol  levels  tend  to  be  high  in  coronary  atherosclerosis;  and  (3) 
cholesterol  concentration  in  the  blood  and  the  incidence  of  atherosclero¬ 
sis  show  a  somewhat  parallel  increase  with  age.  It  has  been  postulated, 
from  a  genetic  analysis  of  families  with  xanthomatosis,  that  early  coronary 
atherosclerosis  may  be  a  hereditary  disturbance  of  lipid  metabolism  mani¬ 
fested  by  elevation  of  serum  cholesterol  and  transmitted  as  a  dominant 
trait.^8  It  has  been  suggested,  also,  that  the  ratio  of  the  concentration  of 
phospholipid  to  that  of  cholesterol  is  more  important  than  the  precise  level 
of  these  lipids  in  serum.  Phospholipid  concentration  increases  with  age  in 
a  manner  similar  to  that  noted  for  cholesterol.  In  patients  with  coronary 
atherosclerosis,  the  increase  in  phospholipid  concentration  with  age  has 
been  found  to  be  less  than  in  normal  subjects.'^* 

Chylomicrons,  which  are  large  fat  particles  found  in  the  blood  after  a 
fat  meal,  have  also  been  implicated  in  the  development  of  human  athero¬ 
sclerosis.  These  particles  tend  to  be  present  in  greater  number,  and  to 
disappear  from  the  blood  more  slowly,  in  old  than  in  young  subjects.®** 
A  qualitative  difference  in  the  physical  size  of  lipid  particles  has  been  re¬ 
ported  between  atherosclerotic  and  non-atherosclerotic  subjects.®* 

When  oxylated  blood  from  persons  with  myocardial  infarction,  vascular 
disease,  and  diabetes  mellitus  was  pulsated  for  72  hr.,  against  strips  of 


”  L.  M.  Katz,  Circulation  6,  101  (1952). 

D.  Adlersberg,  Am.  J.  Med.  11,  600  (1951). 

M  ^  Garn,  and  J.  Lerman,  Circulation  2,  205  (1950);  (6) 

80  TT  M  u  ^‘*'*’**’  *****^  Bland,  ibid.  2,  517  (1950). 

H.  Necheles,  Am.  J .  Digestive  Diseases  18,  229  (1951) 

'  W.  J.  Zinn  and  G.  C.  Griffith,  Am.  J.  Med.  Sci.  220,  597  (1950). 
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normal  aorta  obtained  at  autopsy,  examination  with  polarized  light  micros¬ 
copy  showed  birefringent  particulate  material  deposited  in  the  aortic 
wall  in  75%  of  tests;  the  changes  resembled  early  atheromas.  Blood  from 
normal  persons  pulsated  in  a  similar  manner  induced  changes  in  only  5  % 
of  tests.*^ 

Lipo-proteins  in  human  serum  have  been  studied  by  an  ultracentrifugal 
flotation  technique  by  Gofman  and  associates.®^  A  strong  correlation  was 
reported  between  atherosclerosis  and  the  concentration  of  certain  of 
these  lipoproteins,  which  are  classified  according  to  the  rate  at  which  mi¬ 
gration  occurs  in  terms  of  Svedberg  flotation  (Sf)  units.  Concentration  of 
Sf  12-20  molecules  was  above  normal  in  subjects  with  diabetes  mellitus, 
hypothyroidism,  hypertension,  nephrosis,  and  myocardial  infarction.  The 
recurrence  rate  of  myocardial  infarction  was  significantly  greater  when 
levels  of  Sf  12-20  lipoproteins  were  found  to  be  100  mg.  per  100  ml.  than 
when  levels  were  50  mg.  per  100  ml.  Diets  low  in  fat  and  cholesterol  were 
associated  with  a  decrease  in  Sf  12-20  lipoprotein  concentration  and  a 
lower  incidence  of  recurrent  coronary  occlusion.  Jones  and  associates'^ 
reported  that  administration  of  heparin  was  followed  by  changes  in  lipo¬ 
protein  patterns  in  human  sera  and  was  associated  with  relief  of  anginal 
pain  in  some  subjects.  Deficiency  of  heparin,  or  of  some  similar  substance, 
was  postulated  as  a  causative  factor  in  disturbances  of  lipid  metabolism. 
As  noted  previously,  heparin  has  been  found  to  prevent  normal  alimentary 
lipemia,  and  this  action  may  be  related  to  the  above  observations. 

Much  more  investigation  must  be  undertaken  before  the  role  of  choles¬ 
terol,  chylomicrons,  or  Sf  12-20  lipoproteins  in  the  development  of  human 
atherosclerosis  can  be  ascertained.  At  present,  the  only  practical  dietary 
advice  which  may  prove  useful  in  either  the  prevention  or  treatment  of 
atherosclerosis  is  avoidance  of  excessive  caloric  intake  and  of  diets  high 
in  fat.  Choline  and  inositol  have  not  been  shown  to  influence  serum  cho¬ 
lesterol  concentration  or  atherosclerosis  in  animals  or  man. 


9.  Lipids  and  Gall  Bladder  Disease 

Relationships  between  lipid  metabolism  and  disease  of  the  gall  bladder, 
particularly  cholelithiasis,  have  been  suggested  for  many  years  but  precise 
information  is  scanty.  Bile  contains  cholesterol,  and  it  is  recognized  tha 
the  gall  bladder  wall  can  absorb  lipids.  Deposits  of  cholesterol,  m  crystal¬ 
line  form,  in  the  wall  and  lumen  of  the  gall  bladder  are  common  and  increase 
with  advancing  age.  Factors  which  influence  this  deposition  and  subse¬ 
quent  stone  formation  are  only  partly  understood.  Cholesterol  levels  are 

S.  M.  Evans,  H.  K.  Ihrig,  J.  A.  Means,  W.  Zeit,  and  E.  E.  Ilaushalter,  J.  Lab. 

«3  .L  W.  Snan^,’lE  B.  j!nls,  T.  P.  Lyon,  F.  Linclgren,  B.  Strisower,  D.  Colman, 
and  V.  Herring,  Circulation  6,  119  (1952). ’ 
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known  to  rise  during  pregnancy,  and  gall  bladder  disease  is  common  in 
women  who  have  had  repeated  pregnancies.  The  frequent  occurrence  of 
gall  bladder  disease  in  other  conditions  associated  with  hypercholester¬ 
emia  is  well  known. 

10.  Fats  in  Therapeutic  Nutrition 

Fat  is  an  important  source  of  calories  and,  when  oral  feeding  is  contra¬ 
indicated,  a  preparation  of  fat  which  could  be  given  intravenously  would 
be  of  great  therapeutic  value,  since  solutions  of  dextrose  and  amino  acids 
can  furnish  only  a  limited  supply  of  energy.  Attempts  have  been  made  to 
prepare  stable  fat  emulsions  for  intravenous  use  but,  as  yet,  most  emulsions 
develop  thermogenicity  after  standing.  Particle  size  and  the  emulsifying 
agent  appear  to  be  of  great  importance.  The  widespread  use  of  fat  in  par¬ 
enteral  feeding  must  await  further  technicological  development.  However, 
it  has  been  demonstrated  that  fat  emulsions  can  be  given  to  humans  with¬ 
out  causing  demonstrable  pathology;  the  fat  disappears  rapidly  from  the 
blood  stream  and  appears  to  be  utilized. 


VI.  Mineral  Nutrition 


At  least  thirteen  mineral  elements  have  been  shown  to  be  essential  in 
human  nutrition.  These  include  calcium,  magnesium,  sodium,  potassium, 
phosphorus,  sulfur,  and  chlorine  (principal  mineral  elements),  and  iron, 
copper,  iodine,  manganese,  cobalt,  and  zinc  (trace  elements).  It  is  uncer¬ 
tain  as  to  whether  fluorine,  aluminum,  and  boron  are  essential  nutrients. 

Minerals  are  Avidely  distributed  in  foods  and,  for  many  of  them,  there 
is  little  danger  that  deficiency  will  occur.  Only  the  minerals  which  are  of 
practical  importance  in  clinical  nutrition  Avill  be  discussed  in  this  section 


1.  Water  and  Electrolytes 

a.  Water.  Water  has  been  recognized  as  indispensable  since  ancient 
times,  man  can  live  only  a  few  days  Avithout  it,  the  surviA^al  time  being 
dependent  largely  upon  external  environmental  temperature.  The  require¬ 
ment  for  Avater  is  about  1  ml.  for  each  calorie  of  food  or  about  2.5  1.  daily 
for  an  average  adult  living  in  the  temperate  climate.^^  This  Avater  is 
usually  supplied  as  follows:  1200  ml.  as  liquids,  1000  ml.  from  Avater  in 
solid  foods,  and  300  ml.  as  water  of  oxidation.  During  fasting  and  under 
conditions  of  limited  activity,  a  minimum  intake  of  0.8  1.  of  Avater  is  re- 
quired.  Ihis  IS  about  50%  of  the  essential  need,  the  remainder  being  fur- 

tbnTh'inr 

tion  (Chapter  3^  Requirement  may  be  greatly  increased  when  there  is 
excessive  loss  of  fluid,  as  in  profuse  sweating,  vomiting,  diarrhea,  or  poly- 

The  amount  of  water  lost  from  the  body  in  24  hr.  is  approximately  2.5 
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from  the  skin  as  insensible  perspiration,  500  ml,  in  the  expired 
air,  100  ml.  in  the  intestinal  discharge,  and  1500  ml.  excreted  by  the  kidney. 

The  kidney  is  the  organ  primarily  involved  in  maintenance  of  the  volume 
and  composition  of  body  fluids.  Water  and  the  normal  constituents  of 
body  fluids  are  conserved  or  excreted  according  to  physiologic  need.  The 
normal  kidney  is  capable  of  excreting  the  catabolites  formed  in  24  hr.  in 
as  little  as  500  ml.  of  urine. 

Insensible  loss  of  water  from  the  skin  is  greater  in  the  infant  than  in  the 
adult.  The  urine  volume  per  kilogram  of  body  weight  is  also  greater  in  the 
infant,  owing  to  the  higher  metabolic  rate  and  the  resultant  increase  in 
catabolites  which  must  be  excreted.  Since  ability  to  concentrate  urine  is 
limited  in  the  infant,  depletion  of  body  water  can  occur  more  rapidly  and 
be  more  serious  than  in  the  adult. 

The  total  amount  of  water  in  the  body  is  about  60  %  of  total  body  weight, 
or  71%  of  the  weight  of  the  fat-free  body;  of  this,  intracellular  water 
amounts  to  50  %,  extracellular  water  15  %,  and  plasma  5  %.  Methods  for 
determining  the  volume  of  plasma,  of  extracellular  fluid,  and  of  total 
body  water  are  discussed  in  Chapter  3. 

Exchange  of  fluid  between  the  various  compartments  of  the  body  is 
constant  and  extensive.  In  health,  balance  is  maintained  through  a  num¬ 
ber  of  regulatory  mechanisms.  Water  secreted  into  the  gastrointestinal 
tract  each  day,  as  saliva,  gastric,  pancreatic,  and  intestinal  juice  and  bile, 
may  amount  to  as  much  as  8000  ml.;  of  this,  all  but  100  ml.  is  normally 
reabsorbed.  The  role  of  the  kidney  in  the  regulatory  mechanism  has  al¬ 


ready  been  mentioned.  Hormones  are  also  of  great  importance. 

Excessive  loss  of  water  may  occur  under  a  number  of  circumstances, 
including  any  condition  associated  with  high  fever,  vomiting,  diarrhea  or 
polyuria,  and  high  external  environmental  temperature.  As  much  as  14 
1.  may  be  lost  daily  in  the  sweat  or  urine,  and  as  much  as  8  1.  from  the 
gastrointestinal  tract.  Evaluation  of  the  extent  of  dehydration  is  not  easy. 
Frequent  determinations  of  the  volume  of  packed  erythrocytes  (hemato¬ 
crit)  and  of  plasma  protein  concentration  or  specific  gravity  are  of  con¬ 
siderable  assistance.  Measurements  of  changes  in  body  weight  are  also 
useful  in  estimating  the  degree  of  water  depletion  and  in  following  the 

response  to  therapy. 

Black,  McCance,  and  Young**  studied  water  depletion  in  human  volun¬ 
teers.  Intense  thirst  was  the  initial  and  most  prominent  symptom.  Otier 
findings  were  dryness  of  the  month,  difficulty  in  swallowing,  oliguria,  loss 
of  weight  proportional  to  water  deficit,  some  weakness,  a  change  in  tem¬ 
perament,  confusion,  and  hallucinations.  Plasma  volume  decreased  slightly  , 
serum  sodium  increased  and  serum  potassium  decreased.  In  protounii 


D.  A.  K.  Black,  R.  A.  McCance,  and  W.  F. 
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dehydration,  prostration  and  collapse  occur,  and  anemia,  azotemia,  and 

serious  electrolytic  disturbances  are  observed. 

b.  Sodium.  The  minimal  requirement  of  salt  is  about  1  g.  daily,  ihe 
average  intake  in  this  country  is  10  to  15  g.  daily,  which  meets  the  re¬ 
quirements  for  water  intake  up  to  4  1.  A  liberal  allowance  for  an  adult  would 
be  5  g.,  except  under  conditions  of  profuse  sweating,  in  which  instance  1 
g.  of  salt  should  be  ingested  for  each  liter  of  water  in  excess  of  4  1.  In  hot 
environments,  prior  to  acclimatization,  sweat  may  contain  2  to  3  g.  of  salt 
per  liter;  after  acclimatization,  0.5  g.  per  liter. 

Sodium  and  chloride  comprise  the  bulk  of  the  electrolytes  in  plasma  and 
interstitial  fluid.  Sodium  constitutes  90  %  of  the  total  base  of  the  plasma, 
the  normal  concentration  being  140  meq.  per  liter.  The  normal  concen¬ 
tration  of  chloride  is  104  meq.  per  liter.  The  sodium  ion  plays  an  important 
role  in  the  maintenance  of  acid-base  equilibrium  and  in  the  maintenance  of 
osmotic  pressure,  which  depends  largely  on  total  base.  Cations  in  blood, 
other  than  sodium,  are  calcium,  potassium,  and  magnesium;  anions,  other 
than  chloride,  are  bicarbonate,  protein,  and  small  amounts  of  organic 
acid.  The  pH  is  usually  regulated  by  the  relative  amounts  of  chloride  and 
bicarbonate.  Acidosis  and  alkalosis  are  encountered  in  many  diseases  of 
man,  but  these  problems  belong  in  the  field  of  clinical  medicine  rather  than 
nutrition  and  will  not  be  discussed  here. 

The  amount  of  salt  excreted  by  the  kidney  is  dependent  on  the  amount 
ingested  in  the  absence  of  significant  sweating.  When  the  diet  is  very  low 
in  salt,  almost  no  sodium  or  chloride  is  excreted,  owing  to  the  efficient 
regulatory  mechanism  controlling  reabsorption  by  the  renal  tubules.  This 
activity  is  controlled  in  part  by  adrenal  cortical  hormones.  In  adrenal  in¬ 
sufficiency,  large  amounts  of  salt  are  lost  in  the  urine;  many  of  the  features 
of  Addison’s  disease  are  attributable  to  salt  depletion.  In  hyperfunction  of 
the  adrenal  cortex,  salt  is  retained  and  there  is  an  associated  retention  of 


water. 

The  influence  of  sodium  chloride  on  water  retention  is  illustrated  in 
many  medical  conditions.  Diets  low  in  salt  assist  in  the  control  of  edema 
in  acute  hemorrhagic  nephritis,  nephrosis,  congestive  heart  failure,  hypo- 
proteinemia,  and  cirrhosis  of  the  liver.  Recently  diets  very  low  in  salt  (so¬ 
dium  content,  200  to  300  mg.)  have  been  used  in  the  therapy  of  hyperten¬ 
sion,  with  beneficial  results  in  a  percentage  of  cases.  The  role  of  sodium  in 
disease  states  has  been  reviewed  recently  by  Danowski.®^ 

When  diets  very  low  m  salt  are  used  for  prolonged  periods,  signs  of  salt 
depletion  may  make  their  appearance.  The  signs  are  gradual  in  onset  and 
include  weakness,  excessive  fatigue,  lassitude,  apathy,  anorexia,  nausea, 
and  muscle  cramps.««  Thirst  is  absent.  Urine  volume  is  normal  until  late 


*®T.  S.  Danowski,  Am.  J.  Med. 
H.  L.  Harriot,  Brit.  Med.  J.  1 
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Salt  is  absent  from  the  urine,  and  the  concentrations  of  sodium  and  chlo¬ 
ride  in  the  plasma  are  diminished.  Plasma  volume  is  decreased.  There  is 
hemoconcentration,  increased  blood  viscosity,  and  increased  blood  urea 
nitrogen.  The  blood  pressure  falls,  and  peripheral  circulatory  collapse  is 
the  mode  of  death. 

Combined  water  and  salt  depletion  is  a  syndrome  commonly  encountered 
in  clinical  medicine.  Manifestations  are  those  of  both  sodium  and  water 
deficiency  and  include  anorexia,  nausea,  weakness,  muscle  cramps,  periph¬ 
eral  vascular  collapse  (sodium  deficiency),  thirst,  and  oliguria  (water 
deficiency).  Ingestion  of  water  alone  increases  the  severity  of  symptoms. 
“Heat  cramps,”  which  occur  in  persons  working  in  very  hot  environments, 
are  an  example  of  this  syndrome.  Deficiency  may  be  prevented  by  the 
addition  of  salt  to  drinking  water  to  make  a  final  concentration  of  0.1  %. 

c.  Potassium.  The  minimum  daily  requirement  of  potassium  is  probably 
similar  to  that  of  sodium.  A  normal  person  can  ingest  as  much  as  6  g.  of 
potassium  daily  without  danger,  but  this  amount  may  be  toxic  in  subjects 
with  renal  damage  or  adrenal  insufficiency.  A  balance  between  the  intake 
and  output  of  potassium  is  maintained  by  the  kidney  in  a  manner  resem¬ 
bling  that  for  sodium,  except  during  fasting  and  after  damage  to  tissues 
when  this  ion  is  released  from  the  cell  and  is  excreted  in  the  urine. 

Potassium  is  found  largely  in  the  intracellular  compartment,  the  con¬ 
centration  in  extracellular  fluid  being  only  5%  of  that  within  the  cells. 
Studies  with  K^-  have  indicated  a  constant  exchange  of  potassium  between 
intra-  and  extracellular  phases.  However,  concentration  of  potassium  in 
serum  does  not  necessarily  reflect  concentration  within  the  cells.  In  normal 
subjects,  the  average  concentration  of  potassium  in  serum  was  found  to  be 
4.18  meq.  per  liter  by  Elliott  and  Holley.*^  Deane  and  Smith,®^  using  K'*^, 
found  the  concentration  of  intracellular  potassium  to  range  from  96  to 
125  meq.  per  liter  with  a  mean  of  112  meq. 

Potassium  has  an  important  role  in  metabolism  as  evidenced  by  the 
close  relationship  between  cell  growth  and  breakdown  and  potassium 
accumulation  and  loss  (see  Chapter  3).  The  excitability  of  nerve  tissue  and 
the  transmission  of  impulses  is  profoundly  influenced  by  the  concentration 
of  potassium  in  the  cells  and  extracellular  fluids.  Potassium  plays  an  im¬ 
portant  role  in  the  contractility  of  all  types  of  muscle.  Paralysis  of  striated 
muscle  occurs  when  the  level  of  serum  potassium  is  less  than  2.05  to  2.56 
meq.  per  liter. Smooth  muscle  is  also  affected  in  potassium  deficiency, 
and  paralytic  ileus  may  result.  The  activity  of  cardiac  muscle  is  affected 


87  PI.  c.  Elliott,  Jr.,  and  II.  L.  Holley,  Am.  J.  Clin.  Path.  21,  831  (1951). 
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by  potassium  concentration.  This  is  reflected  in  the  electrocardiogram 
which  shows  changes  in  both  hypo-  and  hyperpotassemia.  Potassium  is 
involved  in  certain  enzyme  reactions.  Greisheimer  states  that  “its  transport 
across  cell  boundaries  against  existing  ionic  concentration  gradients  seems 
linked  with  the  carbohydrate  phosphorylation  cycle. 

Primary  dietary  deficiency  of  potassium  is  not  observed,  but  depletion 
secondary  to  some  pathologic  condition  is  often  encountered  in  clinical 
medicine.  Common  causes  are  intravenous  alimentation  without  including 
potassium  in  the  mixture,  increased  loss  of  potassium  in  the  urine  due  to 
altered  renal  tubular  function  as  in  alkalosis,  shock,  and  renal  disease, 
particularly  the  lower  nephron  syndrome,  and  following  administration  of 
diuretics  or  adrenal  cortical  hormones.  Potassium  loss  may  be  excessive  in 
gastrointestinal  diseases  when  intestinal  secretions  are  lost  in  large  amounts. 
Negative  nitrogen  balance  is  associated  with  loss  of  potassium  which  is 
released  from  cells  when  protein  is  broken  down.  Potassium  deficiency  is 
common  in  diabetic  acidosis  during  insulin  therapy.  When  glucose  me¬ 
tabolism  is  restored,  potassium  shifts  from  the  extracellular  compartment 
into  the  cells,  thus  reducing  the  concentration  in  serum  and  interstitial 
fluid. 

Signs  of  potassium  deficiency  are  primarily  those  of  decreased  muscular 
irritability  and  disturbances  of  conduction  and  contractility  in  the  heart 
muscle.  Muscular  weakness  or  paralysis  are  characteristic  and  may  be 
accompanied  by  lethargy  and  coma.  Cardiac  dilatation,  hypertension, 
congestive  failure,  and  cardiac  arrest  may  occur.  Death  may  result  from 
respiratory  or  cardiac  failure  or  from  paralytic  ileus. 

Darrow^i  has  reviewed  the  findings  in  hyperpotassemia.  These  include, 
mental  confusion,  numbness  and  tingling  of  the  extremities,  weakness, 
pallor,  cold  skin,  disturbances  in  cardiac  rhythm,  and  peripheral  collapse. 
This  condition  may  be  the  result  of  extensive  tissue  breakdown,  terminal 
renal  failure,  adrenal  insufficiency,  advanced  dehydration,  or  the  adminis¬ 
tration  of  excessive  amounts  of  potassium. 


Dalcium 

l  en  years  ago  Macy®^  stated  that  “neither  the  most  satisfactory  level  of 
calcium  intake  nor  the  optimal  retention  of  calcium  at  any  physiologic  age 
or  stage  of  man’s  development  is  known.”  This  is  still  true  today.  The  daily 
recommended  allowances  of  the  Food  and  Nutrition  Board  are  1  0  g  for 
adults  1.5  g.  during  pregnancy,  and  2.0  g.  during  lactation.  The  recom¬ 
mendation  for  infants  and  children  is  1  g.  daily  until  adolescence,  when  1.2 
.  g.  IS  suggested.  These  allowances  are  based  largely  on  findings  in 

t  12.  448  (1952) 

92?  1014  (1950). 
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metabolic  balance  studies  and,  in  adults,  are  thought  to  cover  the  needs  of 
all  but  one  in  one  hundred  persons.^^  Many  persons  can  undoubtedly  adjust 
satisfactorily  to  lower  intakes.  Unfortunately,  no  procedure  for  detecting 
potential  calcium  deficiency  is  available,  nor  are  there  definitive  criteria  for 
estimating  the  adequacy  of  calcium  nutrition.  Long-term  studies  in  rats  in 
Sherman’s  laboratory  indicate  beneficial  results  from  an  abundant  calcium 
intake. 

Ninety-nine  per  cent  of  the  calcium  is  in  the  bones  and  teeth.  The  calcium 
in  bones  serves  not  only  as  a  structural  component  but  as  a  reserve  store 
which  can  be  mobilized  for  maintenance  of  serum  calcium  concentration. 
The  small  amount  of  calcium  in  serum  and  in  other  body  fluids  has  im¬ 
portant  functions,  particularly  in  neuromuscular  excitability  and  probably 
also  in  the  blood-clotting  mechanism. 

Absorption  of  calcium  is  influenced  by  many  factors.  The  maintenance 
of  normal  gastric  acidity  facilitates  absorption,  and  vitamin  D  enhances 
it.  Absorption  is  increased  by  protein,  lactose,  and  citrates  in  the  diet. 
Absorption  is  decreased  by  the  presence  of  phytates  (in  cereals),  oxalates, 
and  fatty  acids,  since  in  each  instance  insoluble  calcium  salts  are  formed. 
The  ratio  of  calcium  to  phosphorus  in  the  diet  influences  absorption.  Cal¬ 
cium  enters  the  gastrointestinal  tract  not  only  in  food  but  as  a  component 
of  digestive  secretions;  as  much  as  0.3  to  0.8  g.  daily  may  be  secreted  into 
the  gastrointestinal  tract.  Reabsorption  of  this  calcium  is  influenced  by 
the  factors  just  enumerated. 

Calcium  is  absorbed  directly  into  plasma  where  a  concentration  of  9  to 


11  mg.  per  100  ml.  is  maintained.  Calcium  is  present  in  blood  in  both  ionized 
(50  to  CO  %)  and  non-ionized  form,  the  latter  bound  to  protein  (Chapter 
21).  The  concentration  of  protein-bound  calcium,  and  hence  of  total  blood 
calcium,  varies  with  the  concentration  of  serum  proteins.  The  ionized 
calcium  fraction  is  the  one  responsible  for  prevention  of  tetany. 

The  process  of  deposition  of  calcium  in  bone  is  not  fully  understood,  but 
alkaline  phosphatase,  vitamin  D,  vitamin  C,  and  probably  other  factors 
are  of  great  importance.  Removal  of  mineral  from  bone  and  maintenance 
of  normal  serum  calcium  concentration  is  dependent  largely  on  the  ac¬ 
tivity  of  the  parathyroid  hormone.  Albright  considers  that  the  primary 
effect  of  the  parathyroid  hormone  is  an  increase  in  phosphorus  excretion 
(Chapter  21).  This  is  followed  by  a  decrease  in  serum  phosphorus  am 
resorption  of  phosphorus  and  calcium  from  bone.  Other  hormones  also 
influence  utilization  of  calcium  and  phosphorus  (Chapter  21).  In  lypei 
thyroidism,  excretion  of  calcium  and  phosphorus  is  increased  and  oste  - 
porosis  may  develop.  The  steroid  hormones,  e.g.,  estradiol  and 
decrease  calcium  and  phosphorus  excretion  and  may  there  oie  le 
in  the  therapy  of  postmenopausal  and  senile  osteoporosis. 

Approximately  80%  of  calcium  is  excreted  in  the  feces,  and  2  % 
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the  urine  (Chapter  21).  Excretion  of  calcium  in  the  urine  is  influenced  by 
many  factors  including  the  calcium  intake,  the  skeletal  size,  the  acid-base 
balance,  and  “endogenous  factors”  which  are  presumably  the  resultant  of 
various  body  hormones.^*  Urinary  calcium  excretion  varies  widely  in  normal 
subjects  at  any  given  level  of  intake;  maximum  excretion  may  be  ten  times 
minimal. 

Calcium  deficiency  is  manifested  by  tetany  with  characteristic  carpopedal 
spasm  and,  at  times,  laryngospasm  and  convulsive  seizures.  When  tetany 
is  present,  the  concentration  of  serum  calcium  is  usually  less  than  8  mg. 
per  100  ml.  Tetany  occurs  in  osteomalacia  and  often  accompanies  rickets, 
sprue,  the  celiac  syndrome,  and  other  steatorrheas. 

3.  Phosphorus 

Phosphorus  is  abundantly  supplied  in  foods,  and  deficiency  in  man  is 
an  unlikely  possibility.  The  daily  allowance  of  phosphorus  should  probably 
be  at  least  equal  to  that  of  calcium  for  children  and  for  women  during  preg¬ 
nancy,  and  perhaps  1.5  times  that  of  calcium  for  other  adults.^^ 

Phosphorus  is  more  readily  absorbed  from  the  intestinal  tract  than  cal¬ 
cium.  Approximately  two-thirds  of  the  phosphorus  excreted  is  found  in  the 
feces,  one-third  in  the  urine.  Between  10  and  20  %  of  phosphorus  is  found 
in  tissues  other  than  bone,  and  this  phosphorus  appears  to  have  metabolic 
priority.®^  The  mechanisms  which  regulate  deposition  and  release  of  phos¬ 
phorus  from  bone  are  the  same  as  those  for  calcium.  Phosphorus  in  soft 
tissues  plays  a  very  vital  role  in  many  metabolic  processes.  The  importance 
of  adenosine  triphosphate  (ATP)  in  energy  transfer  systems  has  been  dis¬ 
cussed  previously  (p.  203,  Chapter  16).  Phosphorylation  appears  to  be 
essential  for  the  absorption  of  a  number  of  nutrients,  e.g.,  fatty  acids  and 
glucose.  The  phosphate  radical  is  bound  to  proteins,  fatty  acids,  carbo- 
hydiates,  and  enzymes.  Phosphate  is  the  chief  inorganic  anion  of  intra¬ 
cellular  fluid,  and  phosphates  of  extracellular  fluid  participate  in  acid-base 
legulation.  The  inorganic  phosphate  level  of  blood  ranges  from  2  to  4  mg. 
per  100  ml.  in  adults  and  3  to  5  mg.  per  100  ml.  in  children. 

Phosphorus  metabolism,  like  that  of  calcium,  is  disturbed  in  rickets, 
osteomalacia,  and  diseases  of  the  parathyroid  and  thyroid  glands.  The 

steroid  hormones  likewise  influence  metabolism  of  this  element  (Chan¬ 
ter  21).  ^  ^ 


4.  Iodine 

Iodine  is  essential  for  the  formation  of  the  thyroid  hormone  which  is  an 
mportant  regulator  of  energy  metabolism.  In  iodine  deficiency,  simple  or 
so-called  endemic  goiter  develops.  The  human  requirement  of  iodL  is 


“  G.  Stearns,  Human  Requirement  of  Calcium 
ref.  73,  pp.  71ff. 
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about  1  Mg.  per  kilogram  of  body  weight  daily,  for  basal  needs,  and  2  Mg. 
additional  for  maintenance  of  normal  metabolic  activity.^^  The  requirement 
for  an  adult  weighing  70  kg.  would  thus  be  about  200  Mg.  More  iodine  is 
needed  during  the  period  of  growth  and  during  pregnancy.  The  Food  and 
Nutrition  Board  suggests  a  daily  allowance  of  0.002  to  0.004  mg.  per  kilo¬ 
gram  of  body  weight.  This  requirement  may  be  met  by  the  regular  use  of 
iodized  salt.^^ 

Recent  studies  with  radioactive  iodine  have  added  much  to  our  knowledge 
of  iodine  metabolism.  Iodine  is  rapidly  and  probably  completely  absorbed 
from  the  small  intestine  at  an  exponential  rate  which  varies  with  the  level 
of  thyroid  activity  (Chapter  22). 

Iodine  is  taken  up  by  the  thyroid  gland  where  it  is  converted  to  di- 
iodotyrosine  and  thyroxine.  The  thyroid  hormone  is  stored  in  the  form  of 
thyroglobulin.  In  normal  persons,  the  rate  of  iodine  uptake  by  the  thyroid 
is  proportional  to  the  blood  concentration  and  averages  about  2.5%  per 
hour.  In  hyperthyroidism,  the  uptake  may  reach  20  %  per  hour.  The  release 
of  thyroid  hormone  from  the  gland  is  under  pituitary  regulation. 

The  adult  human  body  contains  20  to  50  mg.  of  iodine,  of  which  20 
to  40  %  is  found  in  the  thyroid.  The  normal  adult  thyroid  contains  about 
8  to  10  mg.  of  iodine.  In  endemic  goiter,  the  gland  may  contain  less  than 
1  mg.  (Chapter  22).  The  ovaries  contain  a  higher  concentration  of  iodine 
than  any  tissue  other  than  the  thyroid. 

Iodine  is  found  in  the  blood  as  “inorganic”  and  protein-bound  iodine, 
the  latter  fraction  probably  representing  the  circulating  thyroid  hormone. 
The  total  iodine  content  of  normal  whole  blood  is  about  8  to  12  Mg.  per  100 
ml.  (range  3  to  30  Mg.);  protein-bound  iodine  varies  from  3  to  8  Mg.  per 
100  ml.,  with  a  mean  of  5  to  6  Mg.  (Chapter  22).  The  level  of  protein-bound 
iodine  is  increased  in  pregnancy  and  in  hyperthyroidism  and  decreased  in 
hypothyroidism. 

The  urinary  excretion  of  iodine  is  influenced  by  the  amount  in  the  diet, 
the  activity  of  the  thyroid  gland,  and  probably  other  factors.^®  The  kidney 
removes  iodine  from  the  blood  at  a  rate  of  about  6  %  per  hour  (Chapter  22). 
Urinary  excretion  in  non-goitrogenous  regions  has  ranged  from  72  to  343 
Mg.  daily;  in  goitrogenous  regions,  from  27  to  04  Mg.  daily. 

Iodine  is  essential  for  normal  growth,  since  it  is  a  requisite  part  of  the 
thyroid  hormone.  In  cretinism,  or  congenital  hypothyroidism,  which  is 
observed  in  goitrogenous  areas,  growth  may  be  stimulated  by  administia- 
tioii  of  dessicated  thyroid.  Iodine  also  plays  a  role  in  human  and  anima 
fertility  and  in  lactation.®®  Simple  goiter  and  cretinism  are  still  prevalent 
in  many  areas  of  the  world;  prophylaxis  could  be  obtained  through  the  uni¬ 
versal  use  of  iodized  salt. 

9'  G  M.  Curtis  and  M.  B.  Fertman,  Iodine  in  Nutrition,  in  ref.  73,  p.  133. 

9*  G  M.  Curtis  aiul  M.  B.  Fertman,  Iodine  in  Nutrition,  tn  re  .  73,  p. 
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application  to  human  nutrition 


541 


5.  Fluorine 

Whether  fluorine  is  an  essential  human  nutrient  is  unknown.  Fluorine 
is  of  importance  to  human  health  because  of  its  influence  on  the  incidence 
of  dental  caries.  It  has  been  shown  that  the  incidence  of  caries  is  low  m 
children  who  have  received  water  containing  fluorine  in  amounts  of  1  to 
1.5  p.p.m.  during  the  period  of  calcification  and  maturation  of  teeth.  A 
high  incidence  of  dental  caries  has  been  observed  in  children  who  have 
received  water  containing  less  than  1  p.p.m.  of  fluorine.  When  water 
contains  more  than  2.5  p.p.m.  of  fluorine,  mottling  of  the  enamel  of  the 
teeth  is  observed.  In  a  number  of  communities  in  the  United  States,  ad¬ 
dition  of  fluorine  to  the  water  supply  (1  p.p.m.)  has  resulted  in  a  decrease 
in  caries  incidence.  Topical  application  of  fluorine  to  teeth  has  also  been 
found  beneficial. 

There  appears  to  be  little  danger  of  toxicity  when  the  fluorine  content 
of  water  is  1  p.p.m.  This  concentration  should  supply  about  1  to  2  mg.  of 
fluorine  daily.  The  average  American  diet  contains  only  0.2  to  0.3  mg.  of 
fluorine.  Balance  studies  in  man  indicate  that,  if  the  intake  is  not  over  4 
to  5  mg.  daily,  very  little  fluorine  is  retained  (Chapter  22).  Fluoride  intakes 
of  more  than  5  mg.  daily  for  many  years  appear  to  be  necessary  for  intoxi¬ 
cation  to  occur. 


6.  Iron 


Iron  is  essential  for  the  formation  of  hemoglobin,  for  the  production  of 
certain  essential  respiratory  enzymes,  i.e.,  cytochromes,  peroxidases,  and 
catalases,  and  for  the  formation  of  myoglobin.  The  latter  two  functions 
have  priority  in  the  body. 

Absorption  of  iron  is  never  very  efficient  and  is  influenced  by  many 
factors.  Hydrochloric  acid,  pepsin,  proteins  and  their  digestion  products, 
and  ascorbic  acid  appear  to  be  concerned  in  the  reduction  of  iron  to  the 
ferrous  state  in  which  form  it  is  absorbed.  Absorption  takes  place  largely 
in  the  duodenum  (Chapter  20).  Iron  absorption  may  be  increased  by  ad¬ 
ministration  of  ascorbic  acid  and  decreased  by  phosphates  and  perhaps  bv 
phytates. 

Studies  with  radioactive  iron  have  indicated  that  absorption  of  iron  salts 
is  dependent  on  the  need  for  iron.  Normal  persons  absorb  only  small 
amounts,  whereas  persons  with  iron  deficiency  take  up  much  larger  quan¬ 
tities.  In  growing  children,  absorption  appears  to  be  related  to  the  require¬ 
ment  for  this  element.^^  In  the  latter  part  of  pregnancy,  absorption  is 
greatly  increased,  presumably  due  to  the  need  of  the  fetus  for  iron  *8 


"  Z'  n  f  Steinkamp,  1>.  M  Densen  and 

M.  B.  Cook,  J.  Nutrition  33,  107  (1947).  r^ensen,  and 
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Recent  studies  of  Moore  and  Dubach®®  have  shown  that  normal  subjects 
absorb  about  10  %  of  iron  from  foodstuffs.  Ascorbic  acid  enhanced  absorp¬ 
tion,  but  administration  of  hydrochloric  acid  and  antacids  were  without 
effect.  Subjects  with  iron-deficiency  anemia  showed  no  increased  efficiency 
of  iron  absorption  from  foods.  This  finding  is  in  contrast  to  studies  of  ab¬ 
sorption  of  inorganic  iron  salts,  in  which  subjects  with  iron  deficiency  showed 
greater  absorption  than  normal  subjects. 

It  has  been  postulated  that  iron  absorption  is  regulated  by  an  iron- 
containing  protein,  ferritin,  in  the  intestinal  mucosa.^®®  Iron  is  thought  to 
attach  itself  to  the  iron-free  form  of  this  protein,  apoferritin,  to  produce 
ferritin.  Iron  is  released  from  ferritin  at  the  blood  stream  end  of  the  mucosal 
cell  (Chapter  20). 

Iron  is  transported  in  the  serum  in  ferric  form  attached  to  a  specific 
globulin,  siderophillin  (Chapter  20).  The  normal  level  of  serum  iron  is 
about  100  /xg.  per  100  ml.  (range  80  to  180  Mg-);  the  maximum  iron  binding 
capacity  of  serum  is  300  to  360  Mg-  per  100  ml.  In  iron-deficiency  anemia, 
serum  iron  is  usually  less  than  50  Mg-  per  100  ml.  Serum  iron  is  low  in  the 
anemia  associated  with  infections  and  is  high  in  untreated  pernicious 
anemia.  Recent  investigation  suggests  that  the  hypoferremia  of  infection 
may  be  mediated,  at  least  in  part,  by  the  adrenal  cortex. Similar  hypo¬ 
ferremia  has  been  produced  by  a  number  of  agents  which  produce  varying 
degrees  of  stress  and  by  administration  of  adrenal  cortical  hormones.  Studies 
of  the  rate  of  disappearance  of  radioactive  iron  from  plasma  have  indicated 
that  the  turnover  rate  of  Fe®®  furnishes  a  reliable  index  of  the  rate  of 
erythrocyte  formation.^®® 

The  total  amount  of  iron  in  the  body  is  4  to  5  g.,  a  large  percentage  of 
this  being  present  in  hemoglobin.  Iron  is  stored  in  the  form  of  ferritin  and 
hemosiderin  in  the  liver,  spleen,  and  bone  marrow.  Evaluation  of  the 
extent  of  iron  stores  may  be  made  by  estimating  the  amount  of  hemosiderin 
in  bone  marrow.  The  daily  destruction  and  replacement  of  hemoglobin  is 
about  7  to  8  g.,  which  is  the  equivalent  of  a  daily  turnover  of  about  25  mg. 

of  iron  (Chapter  20).  . 

Very  little  iron  is  excreted  from  the  body;  only  about  0.1  mg.  dai  y  is 

found  in  the  urine  and  about  1  mg.  daily  in  the  feces. 

C.  V.  Moore  and  R.  Dubach,  Trans.  Am.  dssoc.  Physicians  64,  245  (1951). 


J.  F.  Garcia,  J.  M.  Oda,  A 
(1951);  (c)  L.  R.  Wasserman 
ibid.  31„  32  (1952). 


APPLICATION  TO  HUMAN  NUTRITION 


543 


In  view  of  the  conservation  of  iron  by  the  body,  estimation  of  reciuire- 
ment  is  difficult.  Heath  and  Patek^o*  have  calculated,  from  estimates  of 
the  iron  required  to  build  body  tissue  and  to  replace  loss,  that  the  total 
amount  needed  by  males  from  birth  to  21  years  is  3.148  g.,  and  by  females 
from  birth  to  47  years,  12.222  g.  These  figures  do  not  represent  dietary 
requirement.  Moore  and  Dubach*®  have  suggested  that  the  normal  adult 
male  must  assimilate  0.5  to  1  mg.  of  iron  daily  to  maintain  balance,  the 
adult  female  about  1  to  2  mg.  daily.  If  only  10  %  of  the  iron  in  food  is  ab¬ 
sorbed,  the  diet  should  furnish  10  to  15  mg.  of  iron  daily.  Recommended 
allowances  of  the  Food  and  Nutrition  Board  are  of  this  order  (Table  1). 

Iron-deficiency  anemia  may  be  nutritional  in  origin  or  the  result  of  loss 
of  blood,  especially  chronic  repeated  hemorrhage.  Dietary  deficiency  of 
iron  occurs  during  periods  of  growth,  particularly  in  infancy  and  adoles¬ 
cence,  and  during  pregnancy  and  lactation.  The  infant  at  birth  has  a  certain 
amount  of  stored  iron,  the  quantity  being  related  to  the  maternal  supply 
during  pregnancy. 

Iron-deficiency  anemia  is  characterized  by  a  proportionately  greater 
decrease  in  hemoglobin  than  in  erythrocyte  count.  The  cells  are  hypo¬ 
chromic,  either  normal  or  small  in  size;  the  color  index  and  mean  corpus¬ 
cular  hemoglobin  concentration  are  low.  The  bone  marrow  shows  an 
increase  in  the  number  of  normoblasts.  Clinical  findings  include  easy 
fatigability,  anemia,  pallor,  and,  in  children,  retardation  of  growth.  In 
some  subjects,  especially  in  women,  dysphagia,  glossitis,  and  angular 
stomatitis  may  be  present.  Koilonychia,  spoon-shaped  finger  nails,  may  be 
observed  in  anemia  of  great  chronicity. 

Iron  may  be  toxic,  particularly  if  given  intravenously,  since  there  is  no 
significant  excretory  pathway.  The  total  dose  of  intravenous  iron  should 
not  exceed  25  to  40  mg.  of  elemental  iron  for  each  1  %  deficit  in  hemoglobin, 
and  not  more  than  100  mg.  should  be  given  as  a  single  dose  (Chapter  20). 


7.  Copper 

No  definite  evidence  for  the  occurrence  of  copper  deficiency  in  man  has 
been  presented,  and  human  requirement  is  unknown.  The  diet  usually 
furnishes  2  to  4  mg.  of  copper  daily. ’^4  Studies  in  man  indicate  that  2  mg 
daily  will  maintain  an  adult  in  balance.^o^  The  Food  and  Nutrition  Board 
suggests  a  daily  allowance  of  1  to  2  mg.  of  copper  for  an  adult,  and  0.05 
mg.  per  kilogram  of  body  weight  for  infants  and  children.  The  copper  con- 
tent  of  whole  blood  is  between  90  and  150  ag.  per  100  ml.,  equally  divided 
between  cells  and  plasma.'”*  There  is  little  evidence  that  the  administration 
o  copper  IS  of  assistance  in  the  therapy  of  hypochromic  microcytic  anemia. 

il  w  Tatek,  Jr.,  Medicine  16,  267  (1937). 

W.  J.  Darby,  Iron  and  Copper,  ref.  73,  p,  108. 
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8.  Cobalt 

Cobalt  has  been  shown  to  be  a  constituent  of  vitamin  B12;  whether  man 
needs  cobalt  only  in  this  form  is  unknown  (Chapter  22).  Cobaltous  chloride 
has  been  administered  in  an  attempt  to  influence  anemias  associated  with 
chronic  infection  and  advanced  neoplasia.  Although  stimulation  of  erythro- 
poiesis  has  been  reported  in  some  patients,  findings  are  inconclusive. 


VII.  Fat-Soluble  Vitamins 


1.  Vitamin  A 


a.  Absorption  and  storage  of  vitamin  A.  Vitamin  A,  an  unsaturated  al¬ 
cohol,  is  found  solely  in  animal  tissues,  while  the  provitamin,  carotene,  is 
present  in  large  amounts  in  green  and  yellow  vegetables  and  fruits.  In  man, 
the  major  portion  of  the  dietary  supply  of  vitamin  A  is  furnished  by  caro¬ 
tene  which  is  converted  to  vitamin  A  ester,  probably  in  the  intestinal  wall,^“® 
from  which  area  it  passes  via  the  lymphatics  to  the  blood  stream  and  finally 
to  the  liver.  The  amount  of  carotene  biologically  available  from  different 
food  sources  varies  greatly;  in  certain  vegetables,  the  percentage  absorption 
ranged  from  34  to  69%  as  tested  by  the  rat  growth  bioassay  method.^®® 
At  present,  the  availability  of  carotene  in  foods  is  being  investigated  in 
human  subjects  in  several  laboratories.  The  conversion  of  carotene  to  vita¬ 
min  A  may  be  defective  in  diabetes  mellitus  and  in  hypothyroidism;  in 
these  diseases  evidence  of  both  vitamin  A  deficiency  and  hypercarotenemia 
is  common. 

Absorption  of  vitamin  A  appears  to  be  facilitated  by  the  simultaneous 
absorption  of  fat.  Poor  absorption  has  been  demonstrated  in  the  steator¬ 
rheas,  such  as  sprue  and  celiac  disease,  and  in  infectious  hepatitis. 
Aqueous  emulsions  of  vitamin  A  have  been  found  to  be  more  adequately 
absorbed  than  oily  preparations,  particularly  in  conditions  associated  with 
poor  absorption  of  fat.’®^*’  ^®®  Liquid  petrolatum,  administered  with  meals, 
interferes  considerably  with  absorption  of  carotene  and  to  a  less  extent 
with  that  of  vitamin  A. 

Vitamin  A  is  stored  chiefly  in  the  liver,  the  median  level  in  normal  sub¬ 
jects  being  320  I.U.  per  gram  of  liver,  according  to  Moore  (Chapter  8). 
Glover  and  Mortoid®®  have  suggested  that  vitamin  A  may  be  stored  m  two 
sites  in  the  liver,  the  Kupffer  cells  and  the  true  storage  cells,  and  that 


10*  S.  K.  Kon  and  S.  Y.  Thompson,  Brit.  J.  Nutrition  6,  114  (1951). 

106  E.  C.  Callison,  E.  Orent-Keiles,  R.  Frenchman,  and  E.  G.  Zook,  J.  Nutrition 

37,  139  (1949).  _  r 
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(a)  J.  M.  Lewis  and  S.  Q.  Cohlan,  Med.  Climes  A.  ^ 
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only  the  latter  contribute  to  the  level  of  functional  vitamin  A  in  the  blood. 
They  also  postulate  that  the  amounts  reaching  the  Kupffer  cells  increase 
with  the  rate  at  which  vitamin  A  enters  the  blood  stream.  If  these  hy¬ 
potheses  are  correct,  there  may  be  an  optimal  rate  of  ingestion  of  vitamin  A. 

b.  Blood  levels  of  carotene  and  vitamin  A.  The  level  of  carotene  in  the 
blood  is  related  to  recent  dietary  intake  and,  in  subjects  receiving  adequate 
diets,  ranges  from  50  to  150  ng.  per  100  ml.,  often  being  above  100  ^ig.  The 
concentration  of  vitamin  A  in  the  blood  in  normal  subjects  in  the  post- 
absorptive  state  is  in  the  neighborhood  of  30  fig.  (100  I.U.)  per  100  ml.  Mean 
levels  as  high  as  48  ng.  (160  I.U.)  per  100  ml.  have  been  reported  in  certain 
studies.*®^ ^  Knowledge  of  factors  which  control  mobilization  of  vitamin  A 
from  the  liver  is  limited.  The  blood  level  decreases  in  a  number  of  febrile 
illnesses  and  returns  to  normal  concomitant  with  recovery  without  vitamin 
A  having  been  administered.  It  is  obvious  that  low  levels  do  not  necessarily 
imply  e.xhaustion  of  liver  reserves.  Plasma  vitamin  A  is  decreased  in  ad¬ 
vanced  cirrhosis  of  the  liver,  in  the  steatorrheas,  and  in  uncomplicated 
vitamin  A  deficiency,  and  in  these  instances  vitamin  A  reserves  in  the 
liver  are  reduced. 

Vitamin  A  is  not  found  in  normal  human  urine  but  may  be  present  in 
the  urine  of  patients  with  pneumonia,  obstructive  jaundice,  or  chronic 
nephritis.  An  abnormality  in  vitamin  A  metabolism  has  been  reported  in 
the  nephrotic  syndrome;  high  plasma  levels  follow  administration  of  vita¬ 
min  A,  perhaps  owing  to  failure  of  utilization  or  storage  by  the  liver. 

c.  Metabolic  functions  of  vitamin  A.  Vitamin  A  forms  an  integral  part 
of  rhodopsin,  which  is  necessary  for  vision  in  dim  light.  When  the  dark- 
adapted  retina  is  exposed  to  light,  rhodopsin  is  changed  through  several 
steps  to  retinene,  which  is  vitamin  A  aldehyde  plus  protein.  Rhodopsin 
may  be  regenerated  from  retinene  plus  “opsin”  (a  retinal  protein),  or  from 
vitamin  A,  opsin,  and  enzymes  present  in  the  retina  and  pigmented  layers 
of  the  eye  which  are  activated  by  cozymase  (see  Chapter  8). 

A  second  function  of  vitamin  A  is  the  maintenance  of  normal  epithelium, 
but  the  precise  role  that  this  vitamin  plays  in  the  metabolic  processes  of 
epithelial  cells  is  unknown.  The  changes  which  occur  in  vitamin  A  de¬ 
ficiency  have  been  studied  extensively  by  Wolbach  and  associates  and  con- 
sist  essentially  of  atrophy  of  the  epithelium  with  reparative  proliferation 
o  t  e  basal  cells  and  differentiation  into  stratified  keratinizing  epithelium 
(Chapter  13)  regardless  of  the  original  type  of  epithelial  cell.  This  kera¬ 
tinizing  metaplasia  has  been  observed  in  many  animal  species,  including 
man.  ® 


Vitamin  A  has  been  found  to  influence  bone  growth  in  certain  animal 
specks  and.  perhaps  secondarily,  to  cause  degeneration  of  nervous  tissue 
"CC.  A.  Goldsmith,  Federation  Proc.  8,  553  (1949). 
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as  a  result  of  pressure  (see  Chapter  13).  In  animals,  vitamin  A  deficiency 
during  pregnancy  has  resulted  in  a  number  of  congenital  malformations  in 
the  offspring.  Little  is  known  about  application  of  these  aspects  of  vitamin 
A  metabolism  to  man.  In  children  who  received  excessive  amounts  of  vita¬ 
min  A,  abnormalities  of  bone  have  been  observed,  including  hyperostoses 
and  periosteal  elevations.  Other  findings  in  hypervitaminosis  A  include 
anorexia,  loss  of  weight,  low-grade  fever,  hepatomegaly,  splenomegaly, 
sparseness  of  hair,  and  hypoplastic  anemia.^^^  The  serum  level  of  vitamin  A 
is  elevated.  It  has  been  postulated  that  the  syndrome  may  be  related  to 
hepatic  dysfunction. 

d.  Vitamin  A  deficiency.  The  outstanding  manifestations  of  vitamin  A 
deficiency  in  man  are  night  blindness  and  xerophthalmia.  In  the  latter, 
keratinization  of  the  cornea  and  conjunctiva  are  followed  frequently  by 
infection,  panophthalmitis,  and  blindness. -Xerophthalmia  and  night  blind¬ 
ness  are  lesions  common  to  many  animal  species.  Bitot’s  spots,  triangular 
thickenings  of  the  conjunctiva  with  accumulation  of  white  foam-like  epi¬ 
thelial  cells  situated  lateral  to  the  cornea,  occur  in  vitamin  A  deficiency  but 
are  rarely  observed  in  temperate  climates.  They  must  be  differentiated  from 
other  common  lesions,  unrelated  to  malnutrition,  such  as  pingueculae.^^’- 

It  seems  probable  that  xerosis  of  the  skin  with  hyperkeratinization,  so- 
called  toad  skin  or  phrynoderma,  also  represents  vitamin  A  deficiency  in 
man.  The  relationship  of  vitamin  A  to  mild  skin  changes  such  as  localized 
areas  of  keratinization  of  the  hair  follicles,  follicular  hyperkeratosis,  is  less 
well  documented.  Vitamin  A  deficiency  may  be  responsible  for  the  lesions 
in  some  instances  but  certainly  not  in  all.  Unequivocal  follicular  keratotic 
changes  have  not  been  produced  e.xperimentally  in  man.^^® 

In  monkeys  and  rats,  continuous  cornification  of  the  vaginal  smear  is 
evident  in  vitamin  A  deficiency.  The  influence  of  vitamin  A  on  the  vaginal 
mucosa  in  humans  is  uncertain,  although  administration  of  this  vitamin 
has  brought  about  improvement  of  senile  vaginitis  (Chapter  13).  Keratini¬ 
zation  of  the  uterine  epithelium  in  children  with  vitamin  A  deficiency  has 

been  reported.  , 

Epithelial  changes  in  the  urogenital  system  in  animals  have  been  associatea 

with  an  increase  in  the  incidence  of  urinary  calculi.  There  is  no  precise 
information  linking  vitamin  A  deficiency  to  formation  of  renal  calculi  m 


man. 
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Changes  in  the  epithelium  of  the  respiratory  tract  with  blockage  of  the 
small  bronchioles,  bronchiectasis,  and  atelectasis  has  been  repoited  in 
human  infants.”^  Keratinizing  metaplasia  has  also  been  noted  in  the  epi¬ 
thelium  of  the  urinary  tract,  accessory  sinuses,  and  pancreas. 

Diagnosis  of  vitamin  A  deficiency  is  dependent  on  a  history  of  an  in¬ 
adequate  diet  and  the  presence  of  abnormal  dark  adaptation  and  epithelial 
changes.  Carotene  levels  hi  blood  may  corroborate  the  dietaiy  histoiy, 
while  low  levels  of  vitamin  A  in  blood  suggest  deficiency,  if  other  causes  of 
such  decrease  can  be  ruled  out. 

e.  Vitamin  A  requirement.  Vitamin  A  requirement  in  animals  appears  to 
be  related  to  body  weight.  The  requirement  for  prevention  of  night  blind¬ 
ness  in  six  species  (cattle,  sheep,  swine,  horse,  rabbit,  and  dog)  and  for 
prevention  of  cornification  of  the  vaginal  epithelium  in  the  rat  was  found 
to  be  about  20  I.U.  per  kilogram  of  body  weight  daily  if  furnished  by 
preformed  vitamin  A  (cod-liver  oil)."^-  If  carotene  in  food  was  used  to 
supply  vitamin  A,  almost  five  times  as  much  was  needed.  Evidence  also 
indicated  that  about  three  times  the  minimal  vitamin  A  level  and  five 
times  the  minimal  carotene  level  was  needed  for  significant  storage  of 
vitamin  A  and  for  normal  reproduction.”®  A  recent  study  of  experimental 
vitamin  A  deficiency  in  adult  men  indicated  a  minimal  protective  dose  of 
1300  I.U.  of  vitamin  A  daily  or  approximately  20  I.U.  per  kilogram  of 
body  weight.”®  Earlier  studies^^  suggested  a  requirement  of  25  to  55  I.U. 
per  kilogram  of  body  weight  per  day  to  permit  normal  dark  adaptation. 
The  Committee  on  Nutrition  of  the  British  Medical  Association^®  recom¬ 
mended  2500  I.U.  of  vitamin  A  daily  for  adults  as  a  satisfactory  allowance 
for  maintenance  of  good  nutrition,  and  three  times  this  amount,  or  7500 
I.U.  daily,  if  carotene  in  food  was  the  sole  source  of  vitamin  A.  In  a  mixed 
diet  supplying  two-thirds  of  the  vitamin  A  as  carotene,  5000  I.U.  daily 
was  suggested  as  adequate.  The  amount  proposed  in  the  Recommended 
Dietary  Allowances  of  the  Food  and  Nutrition  Board  of  the  National 
Research  Council  in  this  country  is  5000  I.U.  daily  for  the  normal  adult 
receiving  a  mixed  diet.^^  Allowances  for  children  and  foi  pregnancy  and 
lactation  are  indicated  in  Table  1.  In  the  Canadian  Dietary  Standard  a 
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In  these  studies,  it  was  estimated  that  0.21  ^g.  of  vitamin  A  approximated  1 
I.U.,  and  hence  vitamin  A  requirement  was  considered  to  he  4  Mg.  per  kilogram 
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as  equal  to  0.34 ag.  of  vitamin  A  acetate  or  0.30  ag.  of  the  alcohol  The  vlt..„' 

A  requirement  would  therefore  be  6  eg  per  kilocr  im  of  h„  ■  i . 
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vitamin  A  intake  of  72  I.U.  of  carotene  per  kilogram  of  body  weight  per 
day  is  recommended.  Although  this  amount  may  prevent  night  blindness  or 
skin  lesions,  it  seems  a  meager  supply  for  storage  and  perhaps  also  for 
growth  and  other  functions,  in  view  of  the  data  obtained  in  animal  studies. 


2.  Vitamin  D 


Vitamin  D  consists  of  a  group  of  sterol  derivatives  produced  by  ultra¬ 
violet  irradiation  of  the  corresponding  precursors.  The  two  important  mem¬ 
bers  of  this  group  are  vitamin  D>  or  calciferol,  which  is  activated  ergosterol, 
and  vitamin  D3,  which  is  activated  7-dehydrocholesterol.  The  latter  is  the 
compound  formed  in  the  skin  on  exposure  to  sunshine  or  ultraviolet  rays. 

a.  Absorption,  storage,  and  functions  of  vitamin  D.  The  amounts  of  vita¬ 
min  D  in  the  human  diet  are  very  small,  and  the  quantity  formed  in  the 
skin  by  exposure  to  sunshine  is  often  inadequate,  especially  in  the  winter 
months  in  this  country.  Medicinal  preparations  are  accordingly  widely  used 
to  satisfy  requirements.  Since  vitamin  D  is  fat-soluble,  it  is  absorbed  with 
the  fat  of  the  diet  and  absorption  is  impaired  in  conditions  which  decrease 
fat  absorption,  such  as  the  absence  of  bile  from  the  intestinal  tract.  Vitamin 
D  is  stored  in  the  liver  and  to  a  small  extent  in  skin,  brain,  spleen,  and  bones. 

The  functions  of  vitamin  D  have  not  been  completely  elucidated.  There 
is  good  evidence  that  this  vitamin  increases  absorption  of  calcium  from 
the  intestine,  and  it  may  increase  phosphorus  absorption  as  well.  In  addi¬ 
tion,  the  excretion  of  phosphorus  by  the  kidney  is  decreased  by  increasing 
resorption  in  the  renal  tubules.  This  effect  may  be  related,  in  part  at  least, 
to  increase  in  serum  calcium,  with  resultant  diminution  in  the  activity 


of  the  parathyroid  glands.  In  vitamin  D  deficiency,  excretion  of  calcium 
and  phosphorus  in  the  stool  is  increased,  excretion  of  calcium  in  the  mine 
is  decreased,  and  that  of  phosphorus  increased.  In  addition  to  maintaining 
levels  of  calcium  and  phosphorus  in  the  blood  suitable  for  deposition  of 
bone,  vitamin  D  is  thought  to  have  a  direct  effect  at  the  site  of  deposition. 
Vitamin  D  may  aid  in  the  conversion  of  organic  to  inorganic  phosphorus, 
and  alkaline  phosphatase  may  play  a  part  in  this  picture.  A  recent  study 
by  Zetterstrom  and  associates,!'^  using  a  water-soluble  phosphorylated 
vitamin  D2,  indicates  that  vitamin  D  activates  alkaline  phosphatases  ot 
bone,  kidney,  and  intestine.  This  work,  if  substantiated,  provides  an  en¬ 
zymatic  explanation  of  the  role  of  vitamin  D  in  the  prevention  of  rickets. 
Alkaline  phosphatases  are  thought  to  have  a  role  in  intestma  a  :)SOi  p  101 , 
renal  tubular  reabsorption,  and  deposition  of  phosphate  m  bone 

b.  Vitamin  D  requirement.  Vitamin  D  is  expressed  quantitatively  n 
terms  of  International  Units,  one  unit  being  equivalent  to  the  activity 
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0.025  jig.  of  calciferol.  If  an  infant  receives  an  ample  supply  of  calcium  and 
phosphorus,  as  in  a  customary  cow’s  milk  formula,  an  intake  of  90  to  100 
I.U.  of  vitamin  D  daily  leads  to  retention  of  25  to  30  %  of  the  calcium  in  the 
diet,  rickets  is  prevented,  and  linear  growth  is  average.  If  300  to  400  I.U. 
of  vitamin  D  is  given  daily,  retention  of  calcium  increases  to  35  to  40  % 
of  the  intake  and  linear  growth  is  greater  than  average.  Larger  amounts 
of  vitamin  D  do  not  increase  the  percentage  of  calcium  retained.  Maximum 
calcium  retention  is  associated  with  excellent  skeletal  growth  and  early 
dentition.  If  more  than  1800  units  of  vitamin  D  are  administered  daily, 
appetite  is  decreased,  food  intake  is  smaller,  calcium  retention  is  less,  and 
linear  growth  becomes  retarded. The  recommended  allowance  for  vitamin 
D  in  this  country  is  400  units  daily  from  birth  to  20  years  of  age.^’^  Pre¬ 
mature  infants  do  not  appear  to  recjuire  more  vitamin  D  than  normal 
infants.  Although  some  children  may  not  need  supplementary  vitamin  D, 
evidence  is  good  that  the  majority  require  it  throughout  the  period  of 
growth.  The  need  in  adolescence  is  probably  universal  and  may  be  as  great 
as  that  in  infancy. 

During  pregnancy  and  lactation  supplemental  vitamin  D  would  seem 
desirable  in  view  of  the  increase  in  requirement  of  calcium  and  phos¬ 
phorus  and  the  effect  of  vitamin  D  on  utilization  of  these  elements.  Approxi¬ 
mately  400  units  daily  appears  to  be  adequate. 

c.  Vitamin  D  deficiency.  Vitamin  D  deficiency  leads  to  poor  retention  of 
calcium  and  phosphorus  and  retarded  skeletal  growth.  It  causes  rickets 
during  the  period  of  growth,  especially  in  infancy  and  in  early  childhood, 
and  osteomalacia  in  adult  life.  Not  only  human  children  but  dogs  and  poul¬ 
try  are  prone  to  rickets  when  the  diet  is  deficient  in  vitamin  D.  The  sus¬ 
ceptibility  to  rickets  in  animals  is  influenced  by  dietary  changes,  such  as 
the  inclusion  of  cereals  containing  phytic  acid,  which  decreases  absorption 
of  calcium.  Phytate  also  appears  to  interfere  with  absorption  of  calcium 
from  the  human  intestinal  tract.^^^  Mellanbyi^o  has  shown  that  phytate  may 
exercise  an  anticalcifying  action  in  puppies,  even  when  vitamin  D  is  pro- 
vided.  Whether  this  finding  is  applicable  to  human  nutrition  is  unknown. 

Pathologic  findings  m  rickets  include  changes  in  the  bones  and  teeth 
which  are  described  in  detail  in  Chapter  13,  and  hyperplasia  of  the  para- 
hyroid  glands  Manifestations  of  rickets  in  human  infants  include  rest¬ 
lessness,  irritability,  excessive  sweating  about  the  head  and  neck,  digestive 
disturbances  due  to  impaired  intestinal  motility,  and  often  delayed  den¬ 
tition.  Growth  IS  retarded,  the  fontanels  fail  to  close  at  the  anticinsted 

i^hiim  t'"'*  “'■achitic  rosary,”  square  head,  and  chLges 

the  long  bones  make  their  appearance.  The  last  occur  as  a  result  of  muscle 

Nutrition  Revs.  8,  59  (1950). 

E.  Mellanby,  J.  Physiol.  109,  488  (1949). 
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pull  acting  on  imperfectly  calcified  bone;  when  the  child  is  walking,  the 
weight  of  the  body  increases  the  deformity.  Tetany  due  to  low  serum  calcium 
concentration  is  occasionally  associated  with  rickets. 

In  the  early  diagnosis  of  rickets,  determination  of  alkaline  serum  phos¬ 
phatase  is  of  great  value.  Normal  levels  in  young  children  range  from  5  to 
15  Bodansky  units.  Elevation  of  serum  phosphatase  above  20  units  is  highly 
suggestive  of  rickets,  since  few  other  conditions  influence  phosphatase 
activity  in  this  age  group.  Serial  determinations  of  alkaline  phosphatase  in 
serum  are  helpful  in  following  therapy.  Except  in  very  early  rickets,  changes 
in  the  bones  are  demonstrable  by  roentgenographic  examination  and  heal¬ 
ing  may  be  followed  by  repeated  roentgenograms.  Changes  are  similar  to 
those  observed  in  the  line  test  which  is  used  in  vitamin  D  assay  in  animals. 
The  level  of  inorganic  phosphorus  in  serum  decreases  in  rickets  to  about  4 
mg.  or  less  and  promptly  returns  to  normal  with  treatment,  even  though 
recovery  may  not  be  complete. 

Rickets  which  is  refractory  to  treatment  has  been  reported,  especially 
in  children  over  3  years  of  age.  The  nature  of  the  underlying  defect  is  un¬ 
known,  but  there  appears  to  be  interference  with  the  normal  calcifying 
action  of  vitamin  D.  Massive  doses  of  vitamin  D  may  promote  healing 
without  correcting  all  of  the  metabolic  defects.’-^ 

Osteomalacia  is  most  often  seen  during  pregnancy  and  lactation  and  is 
characterized  by  osteoporosis,  deformity  and  fracture  of  bones,  and  tetany. 
The  concentration  of  calcium  in  serum  is  low,  often  less  than  7  mg.  per 
100  ml.,  and  the  level  of  alkaline  phosphatase  is  elevated  above  the  usual 

adult  value  of  3  to  5  units.  ,  •  •  • 

d.  Vitamin  D  intoxication.  Severe  toxic  reactions  follow  administration 

of  massive  doses  of  vitamin  D  for  long  periods  of  time.  Serum  calcium  be¬ 
comes  elevated,  and  metastatic  calcification  develops.  The  cause  of  death 

is  usually  renal  failure. 


3.  Vitamin  E 

It  has  not  been  demonstrated  that  vitamin  E  is  an  essential  dietary  sub¬ 
stance  for  man.  None  of  the  pathologic  changes  of  vitamin  E  deficiency  m 
animals  have  been  shown  to  have  their  counterpart  in  man.  -  Vitamm 
has  been  administered  as  a  therapeutic  agent  in  a  number  of  human  diseases 
but  without  adequate  demonstration  of  real  benefit.' 

4,  Vitamin  K 

a.  Absorption  and  requirement  of  vitamin  K.  Vitamin  K  is  pre^nt  in  a 
large  variety  of  foods  and  is  synthesised  by  bacteria  in  the  intestinal  trac  . 

...  S.  Freeman  and  I.  Dunsky.  Am.  J.  Diseases  ChMren  79,  409,  (1950). 

122  J  B.  Youmans,  J .  Am.  Med.  Assoc.  144,  34  (19  ).  doooc  142,  485 

...  Report  of  Council  on  Pharmacy  and  Chem.stry,  J.  Am.  Med.  Assoe. 
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Since  naturally  occurring  forms  of  vitamin  K  are  fat-soluble,  absorption  is 
related  to  that  of  fat  and  is  impaired  when  bile  is  absent  from  the  intestinal 
tract  and  in  the  steatorrheas.  It  is  conceivable  that  prolonged  administra¬ 
tion  of  antibiotics  may  depress  intestinal  synthesis  of  vitamin  K  and  lead 
to  deficiency.  The  deficiency  which  occurs  in  newborn  infants  may  be  due 
largely  to  limited  food  intake  or,  perhaps,  to  sterility  of  the  intestinal  tract. 

The  recjuirement  of  vitamin  K  is  unknown  but  is  appaiently  minute  and 
easily  supplied  by  an  average  diet,  in  addition  to  the  amount  synthesized 
by  intestinal  bacteria,  except  in  the  newborn  infant.  The  infant  needs  sup¬ 
plementary  vitamin  K  during  the  first  few  days  of  life  unless  the  mother 
has  received  the  vitamin  prior  to  delivery.  A  single  oral  dose  of  1  mg. 
appears  to  be  sufficient  to  prevent  postnatal  decrease  in  prothrombin. ^24 
There  is  recent  evidence  suggesting  that  vitamin  K  has  functions  other 
than  formation  of  prothrombin  and  probably  should  be  administered  to 
the  mother  during  the  latter  part  of  pregnancy.  If  the  mother  has  not  re¬ 
ceived  vitamin  K,  a  suitable  dose  for  the  infant  at  birth  is  1  mg.  as  a  single 
dose.  Actually,  much  less  would  be  sufficient  as  the  daily  requirement  of 
the  infant  is  approximately  1 

b.  Functions  of  vitamin  K.  Vitamin  K  is  essential  for  the  formation  of 
prothrombin,  which  is  necessary  for  blood  coagulation.  Prothrombin  is 
formed  in  the  liver,  but  the  exact  role  of  vitamin  K  in  this  process  is  un¬ 
known.  It  has  been  postulated  that  vitamin  K  forms  the  prosthetic  group 
of  an  enzyme  responsible  for  the  synthesis  of  prothrombin.125  Vitamin  K 
may  have  functions  other  than  prothrombin  formation.  Bleeding  in  the 
newborn  period  has  not  always  ceased  with  restoration  of  the  prothrombin 
level  of  the  blood  to  normal. ^26  Clinical  observations  have  indicated  that 
certain  tissue  lesions  may  precede  hemorrhage  in  infants  deficient  in  pro- 
thrombin.‘27  in  chicks  and  infant  rats,  vascular  and  parenchymal  lesions, 
which  might  lead  to  hemorrhage  or  tissue  injury,  have  been  found  in  the 
brain  in  vitamin  K  deficiency.  A  hemorrhagic  condition  has  been  observed 
m  newborn  dogs  in  which  intracranial  blood  vessels  were  markedly  en¬ 
gorged.  This  condition  may  be  related  to  vitamin  K  deficiency.  Although 
It  has  not  been  established  that  degenerative  changes  in  blood  vessels  or 
brain  substance  occur  in  the  human  fetus  as  a  result  of  vitamin  K  deficiency 
evidence  suggests  this  possibility.  In  a  study  of  1531  children  in  Oslo 
bom  to  women  who  received  vitamin  K  during  the  last  three  weeks  of 
pregnancy  not  a  single  instance  of  cerebral  hemorrhage  was  observed.i27a 


'''  a94l/^”"’  Exptl.  Biol.  Med.  47,  441 

n  J.  Lab.  Clin.  Med.  36,  976  (1950)  •  (6)  O  F 

Collentme  and  A.  J.  Quick,  Am.  J.  Med.  Sci.  222,  7  (1951)  ^  ^  ^ 

m  S^ale  Med.  Soc.  42,  455  (1943). 
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Interesting  findings  were  recently  reported  by  Sprbye  and  associates^^s 
in  a  study  of  the  factors  concerned  in  the  normal  clotting  mechanism.  They 
isolated  from  the  plasma  of  vitamin  K-deficient  chicks  a  protein  factor, 
designated  the  “kappa  factor”  which  reduced  plasma  prothrombin  time  in 
animals  treated  with  bishydroxycoumarin  (dicumarol)  but  which  had  no 
effect  upon  prothrombin  time  in  vitamin  K  deficiency.  A  second  factor,  the 
“delta  factor,”  was  isolated  from  plasma  of  chicks  treated  with  dicumarol 
which  reduced  prothrombin  time  of  plasma  of  vitamin  K-deficient  chicks 
but  not  that  of  plasma  from  chicks  receiving  dicumarol.  They  postulated 
that  at  least  four  factors  are  necessary  in  the  clotting  mechanism :  prothrom¬ 
bin  proper,  the  kappa  and  delta  factors,  and  the  labile  factor  of  fresh  plasma 
(factor  V).  Deficiency  of  vitamin  K  apparently  produced  a  defect  in  the 
delta  factor,  while  administration  of  dicumarol  produced  a  deficiency  of  the 
kappa  factor. 

c.  Vitamin  K  deficiency.  Hemorrhage  is  the  outstanding  manifestation  of 
vitamin  K  deficiency  and  is  observed  in  clinical  medicine  in  the  newborn 
infant  and  in  patients  with  obstructive  jaundice,  biliary  fistulae,  steator¬ 
rhea,  severe  prolonged  diarrheal  disease,  or  pancreatic  fibrosis.  Vitamin  K 
deficiency  may  also  follow  operations  on  the  gastrointestinal  tract  in 
which  large  areas  of  absorptive  surface  have  been  removed.  Diagnosis  is 
dependent  upon  estimation  of  the  prothrombin  activity  of  blood. 

Prothrombin  time  may  be  prolonged  in  situations  other  than  vitamin  K 
deficiency.  Administration  of  dicumarol  or  of  large  doses  of  salicylates  will 
be  followed  by  decreased  prothrombin  activity.  In  severe  liver  disease, 
prothrombin  formation  is  defective  and  administration  of  vitamin  K  is 
without  benefit,  which  finding  is  used  as  a  test  of  liver  function. 


VIII.  Vitamins  of  the  B  Complex 

The  vitamin  B  complex  contains  a  number  of  factors  which  are  closely 
associated  in  their  distribution  in  nature  and  have  related  functions  in  inter¬ 
mediate  metabolism.  Of  the  eleven  factors  which  are  available  in  pure  form, 
five  have  been  shown  to  be  constituents  of  coenzymes,  namely,  thiamine, 
riboflavin,  niacinamide,  pyridoxine,  and  pantothenic  acid.  It  seems  likely 
that  other  B  vitamins  may  be  found  to  function  in  a  similar  manner.  Two 
members  of  the  B  complex,  choline  and  inositol,  appear  to  have  lipotropic 
activity,  and  two  others,  folic  acid  and  vitamin  B12,  have  antianemic  proper¬ 
ties.  Deficiency  of  vitamins  of  the  B  complex  is  one  of  the  most  frequently 

encountered  syndromes  of  malnutrition  in  man.  .  •  r  j 

In  view  of  the  common  distribution  of  many  of  the  B  vitamins  in  foods, 
deficiency  of  several  factors  is  more  often  observed  than  deficiency  of  a 
single  vitamin.  In  view  of  the  interrelationship  of  these  vitamins  in  metabo- 

p.  S0rbye,  I.  Kruse,  and  H.  Dam,  Acta  Chcm.  Scand.  4,  649,  831  (1950). 


APPLICATION  TO  HUMAN  NUTRITION 


553 


lism,  the  clinical  manifestations  of  deficiency  may  be  similar  when  any  one 
of  several  factors  is  lacking  in  the  diet.  Not  all  the  B  vitamins  have  been 
shown  to  be  essential  in  human  nutrition.  Attention  will  be  directed  par¬ 
ticularly  to  those  which  are  of  established  importance  in  man. 


1.  Thiamine 


Thiamine,  or  vitamin  Bi,  is  a  water-soluble  compound  which  is  rapidly 
broken  down  by  moist  heat  in  neutral  or  alkaline  solutions  into  its  constit¬ 
uent  pyrimidine  and  thiazole  rings.  The  ready  destructability  of  thiamine 
is  important  in  human  nutrition,  since  much  may  be  lost  in  the  preparation 
of  food.  Some  of  the  biochemical  methods  used  in  evaluating  thiamine  nu¬ 
trition  are  based  on  reactions  with  the  thiazole  and  pyrimidine  portions 
of  the  thiamine  molecule.  The  thiochrome  method  is  widely  used  in  assaying 
biological  materials  for  thiamine,  while  determination  of  the  urinary  ex¬ 
cretion  of  pyramine  (a  pyrimidine-like  compound)  has  been  used  to  assist 
in  assessment  of  nutritional  status. 

a.  Absorption,  storage,  blood  levels,  and  excretion  of  thiamine.  Thia¬ 
mine  is  readily  absorbed  from  the  small  intestine  and  is  probably  phos- 
phorylated  in  the  intestinal  mucosa  (Chapter  9).  Concentrations  of  thia¬ 
mine  in  human  tissue  are  not  great,  the  following  having  been  reported: 
heart  muscle,  2  to  3  Mg-  per  gram;  skeletal  muscle,  0.5  Mg-  per  gram;  and 
brain,  liver,  and  kidney,  1  Mg-  per  gram.  These  concentrations  were  approxi¬ 
mately  doubled  shortly  after  thiamine  therapy  and  were  approximately 
halved  by  inadequate  diets  which  were  low  in  thiamine  but  which  did  not 
result  in  overt  evidence  of  deficiency. Thiamine  is  present  in  tissues  in 
several  forms:  free,  monophosphate,  pyrophosphate  and  probably  bound 
to  protein  by  an  S-S  linkage,  and  as  the  disulfide  of  thiamine  pyrophosphate 
and  lipothiamine  (Chapter  19). 

Thiamine  is  excreted  in  the  urine,  the  amount  being  dependent  on  dietary 
intake  and  the  relative  saturation  of  the  tissue  stores.  Determination  of 
Biiamine  excretion  in  the  urine,  especially  after  a  test  dose  of  thiamine  has 
been  administered,  is  one  of  the  methods  used  in  evaluating  nutritive  status 
relative  to  this  vitamin.  After  intramuscular  injection  of  1  mg.  of  thiamine, 
persons  who  are  adequately  nourished  excrete  at  least  100  Mg-  in  the  sub¬ 
sequent  4  hr  whereas  patients  with  signs  of  thiamine  deficiency  usually 
excrete  less  than  50  Mg-  during  this  period.^^o  Estimation  of  the  concentra- 
1011  of  thiamine  in  blood  has  also  been  used  in  nutritional  appraisal.  Mean 


'''  J- W.  Ferrebee,  N.  Weissman,  D.  Parker,  and  P.  S.  Owen,  The  Thiamin  Content 
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levels  ill  normal  subjects  have  been  found  to  be  4.7  jug.  per  100  ml.  in  whole 
blood,  8.0  Mg.  %  in  erythrocytes,  and  67.5  jug.  %  in  leucocytes.^®^  In  middle- 
aged  and  older  persons,  the  average  concentration  of  thiamine  was  reported 
to  be  3.4  jug.  per  100  ml.^^^  In  beriberi,  mean  values  of  3.2  jug.  per  100  ml. 
have  been  observed. 

Absorption  of  thiamine  may  be  interfered  with  by  ingestion  of  live 
yeast  which  competes  with  the  host  for  available  thiamine. 

b.  Funtions  of  thiamine.  Thiamine  functions  in  the  tissues  in  the  form 
of  two  coenzymes:  thiamine  pyrophosphate  or  cocarboxylase  and  lipo- 
thiamide,  which  is  the  amide  of  thiamine  and  lipoic  acid.  These  coenzymes 
are  important  in  the  decarboxylation  of  a-keto  acids  and  in  the  biosyn¬ 
thesis  of  certain  acyloins.  In  decarboxylation  of  the  oxidative  type,  lipo- 
thiamide  appears  to  be  the  coenzyme.  Substances  formed  include  acetic 
acid,  acetyl  phosphate  and  acetyl-coenzyme  A,  the  last  being  of  great 
importance  since  it  feeds  into  the  tricarboxylic  acid  cycle  to  provide  energy 
for  the  organism.  (See  Chapter  19). 

In  thiamine  deficiency,  pyruvate  accumulates  in  the  blood  and  tissues 
and  there  is  a  change  in  the  lactate-pyruvate  ratio.  These  findings  have 
been  used  in  detecting  thiamine  deficiency  in  man.^^®  Horwitt^*^  has  pro¬ 
posed  as  a  test  of  thiamine  nutrition  the  simultaneous  measurement  of  lactic 
acid,  pyruvic  acid,  and  glucose  in  the  blood  5  min.  after  mild  exercise  and 
60  min.  after  ingestion  of  glucose.  The  carbohydate  index  (C.I.)  is  deter¬ 
mined  from  the  formula 


where  G  is  glucose,  L  is  lactic  acid,  and  P  is  pyruvic  acid.  An  index  greater 

than  15  is  suggestive  of  thiamine  deficiency. 

c.  Thiamine  requirement.  Numerous  experimental  studies  m  adult  hu¬ 
mans  suggest  that  the  minimum  thiamine  requirement  is  approximately 
0.23  to  0.3  mg.  per  1000  cal.^^-^*®  Although  requirement  is  related  to  caloric 
consumption,  there  is  some  evidence  that  relatively  less  is  nee  e  at  ig 
caloric  levels.  The  carbohydrate  content  of  the  diet  influences  requiremen 
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to  some  extent  and  fat  exerts  a  sparing  action.  Requirement  is  increased 
during  periods  of  active  growth  and  in  pregnancy  and  lactation.  Few  studies 
have  been  made  of  requirement  in  infancy.  Deficiency  has  been  prevented 
with  intakes  of  0.14  to  0.20  mg.  daily^*®  and  with  approximately  30  Mg- 
per  kilogram  of  body  weight  daily.^'^  The  Recommended  Dietary  Allow¬ 
ances  for  thiamine  are  shown  in  Table  1.  For  adults,  the  allowance  is  0.5 
mg.  per  1000  cal.,  which  is  about  100%  more  than  the  minimal  require¬ 
ment.  This  factor  of  safety  does  not  seem  excessive,  since  thiamine  stores 
of  the  body  are  never  large  and  may  be  readily  e.xhausted  in  diseases  as¬ 
sociated  with  elevated  metabolism  and  probably  in  other  stress  situations. 

Although  some  thiamine  may  be  synthesized  by  intestinal  bacteria,  the 
amount  available  to  the  organism  to  supplement  the  dietary  supply  is 


probably  not  great. 

d.  Thiamine  deficiency.  Some  of  the  biochemical  changes  in  thiamine 
deficiency  have  been  discussed  above.  Urinary  excretion  of  thiamine  falls 
to  low  levels,  tissue  stores  are  depleted,  the  level  of  thiamine  in  the  blood 
falls  slightly,  and  there  is  accumulation  of  pyruvic  acid  in  the  blood  and 
tissues.  In  experimental  thiamine  deficiency  in  man,  early  clinical  findings 
have  included  the  following:  fatigability,  anorexia,  apathy,  nausea,  epi¬ 
gastric  pain,  and  certain  mental  and  personality  disturbances  including  ir¬ 
ritability,  vague  fears,  moodiness,  depression,  quarrelsomeness,  and  lack  of 
ambition.  Daum  and  associates^*®  found  that  maximum  work  output  and 
mechanical  efficiency  were  the  most  sensitive  physiologic  indices  of  a  de¬ 
crease  in  dietary  thiamine.  Paresthesias  of  the  lower  extremities  may  be  the 
first  indication  of  polyneuritis,  and  electrocardiographic  abnormalities  often 
precede  clinical  evidence  of  heart  involvement.  Advanced  thiamine  defi¬ 
ciency  or  beriberi  is  characterized  by  polyneuritis,  cardiovascular  dis¬ 
turbances,  and  edema.  The  heart  is  enlarged,  the  right  side  being  pre¬ 
dominantly  involved,  and  all  the  signs  of  congestive  heart  failure  may 
develop.  The  heart  failure  is  usually  of  the  high  output  type,  and  the  cir¬ 
culation  time  is  relatively  rapid.  Sudden  death  from  acute  peripheral  cir¬ 
culatory  collapse  may  occur. 

Manifestations  of  thiamine  deficiency  in  animals  resemble  certain  as¬ 
pects  of  human  beriberi.  Electrocardiographic  changes  indicative  of  my¬ 
ocardial  damage  have  been  observed  in  cats,  dogs,  pigs,  and  monkeys, 
as  well  as  m  man.  Bradycardia  may  occur  in  rats  and  in  man.  Histological 
lesions  do  not  seem  to  be  sufficient  to  account  for  either  bradycardia  or  the 
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abnormalities  of  the  electrocardiogram  (Chapter  13).  In  man,  mild  scarring, 

hydropic  degeneration,  and  fatty  infiltration  have  been  observed  in  the 
heart. 

Polyneuritis,  with  degenerative  changes  in  the  peripheral  nerves,  has 
been  reported  in  thiamine  deficiency  in  a  number  of  animal  species,  but  the 
diets  were  often  deficient  not  only  in  thiamine  but  in  other  factors.  Evi¬ 
dence  is  good,  although  not  unequivocal,  that  thiamine  deficiency  is  accom¬ 
panied  by  neuritis  in  pigeons  and  probably  in  dogs  and  other  mammals 
(Chapter  13).  Degeneration  of  the  peripheral  nerves,  demyelinization  of 
nerve  roots,  and  degeneration  of  tracts  in  the  spinal  cord  have  been  re¬ 
ported  in  man.  The  polyneuritis  of  chronic  alcoholism  and  that  which  may 
occur  in  pernicious  vomiting  of  pregnancy  are  due  to  thiamine  deficiency. 
Alcohol  does  not  increase  thiamine  requirement;  actually  less  thiamine  may 
be  needed  for  utilization  of  alcohol  than  for  utilization  of  glucose.^*®  Poly¬ 
neuritis  develops  in  the  chronic  alcoholic  on  the  basis  of  dietary  thiamine 
deficiency.  The  neuritis  which  accompanies  diabetes  mellitus  is  rarely,  if 
ever,  related  to  lack  of  thiamine. 


2.  Riboflavin 


Riboflavin  is  a  water-soluble,  yellow  pigment  with  green  fluorescence, 
having  the  chemical  formula  6,7-dimethyl-9-(D, l'-ribityl)-isoalloxazine.  It 
is  widely  distributed  in  both  the  plant  and  ammal  kingdoms  and  appears 
to  be  an  essential  dietary  factor  for  all  species  of  animals,  including  man, 
and  for  some  types  of  bacteria.  Although  chemical  research  on  riboflavin 
dates  back  to  1879,  the  function  and  importance  of  this  substance  in 
animal  and  human  nutrition  was  not  apparent  until  the  1930’s.^3®  In  1932 
Warburg  and  Christian  obtained  a  yellow  enzyme  from  yeast  which  they 
were  able  to  split  into  a  protein  and  pigment  component  (flavin),  thus 
separating  and  identifying  the  prosthetic  group  of  an  enzyme  for  the  first 
time. 

Riboflavin  is  fairly  stable  to  heat,  especially  in  acid  solutions,  but  it  is 
extremely  labile  when  exposed  to  light.  As  a  result  of  this  lability,  consider¬ 
able  loss  of  riboflavin  occurs  in  food  such  as  milk. 

a.  Absorption,  storage,  and  excretion  of  riboflavin.  Riboflavin  in  its 
naturally  occurring  free  form  is  readily  absorbed  from  the  small  intestine. 
Some  riboflavin  is  synthesized  by  the  intestinal  flora,  but  the  extent  to 
which  this  supply  is  available  to  the  organism  is  uncertain.  Experiments 
of  Najjar  and  associates*'”  suggest  that  some  of  this  riboflavin  may  be 
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absorbed.  There  are  no  special  organs  in  which  riboflavin  is  stored.  Com¬ 
paratively  large  amounts  have  been  found  in  human  liver  (16  /ig.  per  gram) 
and  in  human  kidney  (20  to  25  ng.  per  gram).  Muscle  contains  about 
2  to  3  fjLg.  per  gram.“^  Tissue  saturation  may  be  readily  attained  when  the 
riboflavin  intake  is  high,  but  reserve  stores  are  not  great  and  may  be  lost 
quickly.  A  relationship  between  the  retention  of  riboflavin  and  the  re¬ 
tention  of  protein  has  been  demonstrated. 

The  concentration  of  riboflavin  in  the  serum  of  well-nourished  adults 
was  found  by  Burch  and  associates^^^  to  be  0.8  fxg.  per  100  ml.  for  free  ribo¬ 
flavin  and  3.2  jug.  per  100  ml.  for  total  riboflavin.  In  the  white  cell-platelet 
layer,  total  riboflavin  was  252  /xg.  per  100  ml.;  in  the  red  blood  cells,  22 
fjLg.  per  100  ml. 

Riboflavin  is  excreted  in  the  urine,  the  output  varying  with  the  intake 
and  the  degree  to  which  tissue  stores  are  saturated.  In  normal  persons, 
values  range  from  150  to  2000  Mg-  daily. 


b.  Riboflavin  requirement.  Experimental  riboflavin  deficiency  has  been 
induced  in  man  when  the  diet  contained  less  than  0.6  mg.  daily.i'*^  No  signs 
of  deficiency  were  observed  over  a  period  of  288  days  when  the  intake  was 
0.7  mg.  daily. Studies  of  urinary  excretion  have  suggested  that  an  intake 
of  1.1  to  1.6  mg.  daily  will  provide  adequate  body  stores.^^®  The  need  for 
riboflavin  is  probably  not  related  to  caloric  consumption  but  may  be  re¬ 
lated  to  weight  or  some  function  thereof.  In  several  species  of  animals,  and 
in  man,  ingestion  of  15  to  20  Mg-  of  riboflavin  per  kilogram  of  body  weight 
daily  has  been  shown  to  prevent  deficiency.^’  Long-term  experiments  in 
animals  suggest  that  benefits  result  from  amounts  of  riboflavin  above 
minimum  requirement.  Accordingly,  the  recommended  dietary  allowances 
ol  riboflavin  suggested  by  the  Food  and  Nutrition  Board  of  the  National 

Research  Council  are  1.5  mg.  daily  for  a  56-kg.  woman  and  1.8  mg.  daily 
for  a  70-kg.  man  (Table  1).  6  y 

In  animals,  about  twice  as  much  riboflavin  is  needed  for  growth  as  for 
adu  t  maintenance.  This  is  probably  true  in  man  also,  although  evidence 
Mlovrlm*  allowances  provide  about  60  gg.  per 

of  safety.”  ”  ^  P^bably  represents  a  100  %  factor 


c.  Functions  of  riboflavin.  Riboflavin  is  present  in  tissues  largely  in  bound 
K  and  Hormones,  4,  91  (1946). 
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form,  flavin  adenine  dinucleotide  (FAD)  being  the  chief  component,  and 
flavin  mononucleotide  (FMN)  making  up  most  of  the  remainder  (Chapter 
19).  Free  riboflavin  is  found  in  milk  and  in  urine  and,  in  certain  animal 
species,  in  the  retina.  Flavoproteins  function  as  important  enzymes  in 
tissue  respiration.  They  play  a  major  role  in  the  hydrogen  transport  system 
where  they  catalyze  the  oxidation  of  the  reduced  pyridine  nucleotides 
(Chapter  18).  Thus,  they  mediate  hydrogen  transport  between  coenzymes 
rather  than  between  substrates.  Flavoproteins  also  occur  as  “oxidases” 
which  catalyze  the  direct  oxidation  of  various  substrates  by  oxygen  (Chap¬ 
ter  18).  Most  of  the  flavoproteins  contain  FAD  as  their  prosthetic  group 
(Chapter  19).  FMN  and  FAD  undergo  alternate  oxidation  and  reduction 
in  a  manner  similar  to  niacin-containing  enzymes.  A  list  of  the  flavoprotein 
enzymes  and  further  discussion  of  their  functions  may  be  found  in  Chapters 
18  and  19. 

d.  Riboflavin  deficiency.  Early  symptoms  of  riboflavin  deficiency  in  man 
include  soreness  and  burning  of  the  lips,  mouth,  and  tongue,  and  visual 
complaints  such  as  photophobia,  lacrimination,  and  burning  and  itching 
of  the  eyes.  The  lips  show  redness  and  denudation  along  the  line  of  closure 
with  maceration,  crusting,  and  fissures  at  the  angles  of  the  mouth. 
Cheilosis  and  angular  stomatitis  are  not  pathognomonic  of  riboflavin  de¬ 
ficiency  but  have  been  observed,  also,  in  experimental  human  niacin 
deficiency,^-*®  following  administration  of  desoxypyridoxine,**®  and  in  con¬ 
ditions  of  non-nutritional  origin.  Other  findings  in  human  riboflavin  de¬ 


ficiency  are  dermatitis,  glossitis,  and  lesions  of  the  eye.  The  dermatitis, 
which  is  of  seborrheic  type,  may  involve  the  ears,  the  outer  and  inner 
canthi  of  the  eyes,  and  the  scrotum.  The  tongue  may  be  purplish-red  in 
color,  the  papillae  may  be  hypertrophic  or  atrophic,  and  fissures  may  be 
present.  Eye  lesions  include  blepharitis,  conjunctivitis,  iritis,  and  super¬ 
ficial  vascularization  of  the  cornea. 

Many  of  the  findings  in  riboflavin  deficiency  in  man  are  similar  to  those 
observed  in  various  animal  species**®  (see  also  Chapter  13).  Skin  changes 
occur  in  riboflavin  deficiency  in  the  rat,  hamster,  dog,  pig,  and  monkey. 
Lesions  of  the  lips  and  oral  cavity  have  been  noted  in  rats  and  young 
calves.  Conjunctivitis,  blepharitis,  and  corneal  vascularization  have  been 
found  in  rats.  Other  changes  resulting  from  riboflavin  deficiency  in  animals, 
such  as  nerve  degeneration,  cataract  formation,  anemia,  and  sudden  col¬ 
lapse  have  not  been  encountered  in  man.  In  animals,  the  ability  o  e  I'V'-er 
to  in’activate  estradiol  is  reduced.  It  has  been  suggested  that  a  similar 
change  may  occur  in  human  riboflavin  deficiency. 

Little  is  known  as  to  the  manner  in  whicl,  an  inadequate  supply  o  nbo- 
flavin  produces  the  pathologic  changes  observed.  Liver  slices  obtaine 


*4®  J.  F.  Mueller  an 
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from  riboflavin-deficient  animals  show  a  reduction  in  the  ability  to  oxidize 
D-amino  acids.  The  activity  of  the  enzymes  xanthine  oxidase  and  succinic 
dehydrogenase  has  been  found  to  be  decreased.  In  animals,  where  death 
was  due  to  lack  of  riboflavin,  the  concentration  of  this  vitamin  in  the  liver, 
the  kidney,  and  the  heart  was  found  to  be  one-third  of  normal. 

The  urinary  excretion  of  riboflavin  is  decreased  in  human  deficiency, 
both  in  24-hr.  periods  and  after  administration  of  test  doses  of  riboflavin. 
Because  of  the  close  relationship  between  retention  of  riboflavin  and  re¬ 
tention  of  protein,  excretion  data  must  be  interpreted  with  caution.  In 
starvation  and  in  conditions  associated  with  negative  nitrogen  balance, 
riboflavin  excretion  is  increased. 

In  animals,  riboflavin  deficiency  during  pregnancy  has  resulted  in  strik¬ 
ing  abnormalities  in  the  embryo  and,  at  times,  in  abortion.  Whether  con¬ 
genital  defects  in  man  are  ever  related  to  an  inadequate  maternal  supply 
of  riboflavin  is  unknown. 


3.  Niacin  (nicotinic  Acid) 

Niacin,  the  pellagra-preventive  factor,  is  a  unique  vitamin  in  that  one 
of  the  amino  acids,  tryptophan,  serves  as  a  precursor  of  this  vitamin  in 
many  animal  and  plant  species.  It  is  interesting  to  note  that  niacinamide 
was  shown  to  be  part  of  two  coenzymes  prior  to  the  discovery  of  its  nu¬ 
tritional  importance  (Chapter  19). 

a.  Absorption,  storage,  and  excretion  of  niacin.  Niacin  is  readily  absorbed 
fiom  the  intestinal  tract,  a  fact  easily  demonstrable  by  the  erythematous 
skin  reaction  which  occurs  15  to  30  min.  after  administration.  Since  niacin 
is  stable  to  heat,  loss  in  food  preparation  is  minimal.  The  storage  of  niacin 
IS  not  great,  and  any  excess  of  the  vitamin  is  disposed  of  largely  by  a 
methylating  process,  in  man,  dog,  rat,  and  pig,  and  by  other  pathways  in 
the  herbivora  and  polygastrie  species.'"  Niacin  metabolites  in  human  urine 
are  chiefly  N'-methylnicotinamide  (N'-Me)  and  the  pyridone  of  N‘-methyl- 
nicotmamide  (pyridone),  plus  a  small  amount  of  nicotinic  acid.  Normal 
persons  receiving  a  good  diet  excrete  approximately  0  to  8  mg.  of  N'-Me 
daily  and  10  to  12  mg.  of  the  pyridone.  Niacin  is  present  in  tissues  largely 
as  coenzymes  I  and  II,  which  are  diphosphopyridiiie  nucleotide  (DPN) 
and  triphosphopyridme  nucleotide  (TPN),  respectively.  The  concentration 
o  pyridine  nucleotides  in  whole  blood  in  normal  subjects  is  about  36  ag 
per  mflhliter  practically  all  of  which  is  in  the  erythrocytes. 

b.  Metabohc  functions  of  niacin.  Niacin  functions  in  the  body  as  a 
component  of  the  important  coenzymes  DPN  and  TPN,  which  are  con 

i^evty^™  been  found 

y  ype  of  which  has  been  examined.  The  major  functions  of 
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DPN  and  TPN  are  removal  of  hydrogen  from  certain  substrates,  in  co¬ 
operation  with  dehydrogenases,  and  transfer  of  hydrogen  (or  electrons)  to 
another  coenzyme  in  the  hydrogen  transport  series,  or  to  another  substrate, 
which  is  correspondingly  reduced  (Chapter  19). 

As  noted  above,  the  amino  acid  tryptophan  can  be  converted  to  niacin 
in  a  number  of  plant  and  animal  species  and  in  man.^^®  Administration 
of  tryptophan  to  human  beings  is  followed  by  an  increase  in  the  urinary 
excretion  of  N^-Me,  the  pyridone  of  N^-Me,  quinolinic  acid,  and  trypto- 
phan.^®'^^®  The  increase  in  excretion  of  niacin  metabolites  is  approximately 
proportional  to  the  amount  of  tryptophan  administered.  The  chemical 
steps  by  which  tryptophan  is  converted  to  niacin  are  not  completely 
known,  although  much  information  has  been  obtained  from  studies  in 
Neitrospora  and  in  rats.^®®  Possible  intermediate  metabolites  include  kyn- 
urenine,  3-hydroxy  an  thranilic  acid,  and  quinolinic  acid.  Studies  in  man 
indicate  that  quinolinic  acid  is  formed  from  tryptophan  but  that  it  is  prob¬ 
ably  not  in  the  main  pathway  of  conversion.®"*^  Several  years  ago,  it  was 
suggested  that  tryptophan  catalyzed  niacin  synthesis  by  intestinal  bacteria 
rather  than  being  converted  to  niacin  in  the  tissues.  Subsequently,  this 
hypothesis  was  sho^\^l  to  be  erroneous.  In  the  enterectomized  rat,  trypto¬ 
phan  administration  is  followed  by  an  increase  in  excretion  of  niacin 
compounds.*®*  In  man,  the  conversion  of  tryptophan  to  niacin  is  not 
affected  by  oral  administration  of  streptomycin  in  amounts  which  largely 
inhibit  growth  of  coliform  organisms  in  the  intestinal  tract.*®^  Incontro¬ 
vertible  evidence  of  the  conversion  of  tryptophan  to  niacin  was  demon¬ 
strated  by  administering  tryptophan  labeled  with  C**  to  rats  and  recovering 
niacin  with  the  isotope  in  the  carboxyl  group  in  the  urine.*®® 

Administration  of  tryptophan  is  followed  by  an  increase  in  the  concen¬ 
tration  of  pyridine  nucleotides  in  red  blood  cells ;  the  rise  following  adminis¬ 
tration  of  10  g.  of  tryptophan  is  similar  to  that  following  1  g.  of  niacin.*®* 
c.  Niacin  requirement.  It  is  apparent  that  the  niacin  requirement  can  be 
established  only  in  relation  to  the  dietary  intake  of  tryptophan,  since 
this  amino  acid  functions  as  a  precursor  of  niacin.  In  view  of  this  ammo 
acid-vitamin  relationship,  data  concerning  human  niacin  requirement  are 
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meager.  Goldsmith  and  associates*'* “  produced  experimental  pellagra  in 
human  subjects  who  received  corn  diets  containing  190  mg.  of  tryptophan 
and  4.7  mg.  of  niacin  daily  for  more  than  50  days.  In  studies  conducted  by 
Horwitt  and  associates,^**  pellagra  has  not  been  observed  in  subjects  who 
received  diets  containing  265  mg.  of  tryptophan  and  5.8  mg.  of  niacin  daily 
for  more  than  a  year. 

Frazier  and  Friedemann^**  calculated  the  niacin  and  protein  content  of 
pellagra-producing  and  pellagra-preventing  diets  and  concluded  that,  with 
marginal  diets  containing  corn  products,  the  minimum  need  of  niacin  was 
about  7.5  mg.  daily.  Recent  studies  of  Goldsmith  and  associates*^"  indicate 
that,  when  the  diet  is  rich  in  corn  and  furnishes  approximately  200  mg.  of 
tryptophan  daily,  the  minimal  niacin  requirement  of  adult  females  is  about 
6  to  7  mg.  per  day.  Requirement  may  be  slighly  less  when  the  diet  contains 
wheat  rather  than  corn  as  the  chief  cereal. 

The  role  of  corn  diets  in  the  production  of  pellagra  may  be  explained 
in  part  by  the  low  tryptophan  content  of  corn.  Recent  experiments  in  rats 
suggest  another  possible  explanation.  Some  of  the  niacin  in  corn,  and  in 
certain  other  cereals,  appears  to  be  present  in  bound  form  which  is  unavail¬ 
able  to  the  organism,  unless  previously  hydrolyzed  by  alkali. ^*^ 

In  dogs,  the  niacin  requirement  appears  to  be  about  ten  times  that  of 
thiamine. In  rats,  niacin  is  an  essential  nutrient  only  when  the  tryptophan 
content  of  the  diet  is  low,  and  under  these  circumstances  requirement 
is  about  ten  times  the  thiamine  need.^**  The  recommended  dietary  allow¬ 
ances  for  niacin  in  this  country  are  ten  times  the  thiamine  allowances  (Table 

1).  In  view  of  the  above  data,  these  allowances  should  provide  a  fair  margin 
of  safety. 


d.  Niacin  deficiency— pellagra.  (1)  Clinical  Findings.  Niacin  dehciency 
m  man  leads  to  pellagra,  which  is  characterized  by  (1)  dermatitis,  particu¬ 
larly  of  skin  surfaces  exposed  to  light  or  subjected  to  trauma;  (2)  severe 
mhammation  of  mucous  membranes  manifested  by  glossitis,  stomatitis, 
diarrhea,  proctitis,  and  vaginitis ;  and  (3)  psychic  changes  including  anxiety 
irritability  depression,  and,  in  advanced  stages,  delirium,  hallucinations’ 
disorientation,  confusion,  and  stupor.  Lesions  of  niacin  de6ciency  in  animals 

han^  '  r  T  dogs  is  characterized  by 

changes  in  the  skin  and  mucous  membranes  (Chapter  13).  A  condition  re- 
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sembling  canine  blacktongue  has  been  ol)served  in  pigs.  In  chicks,  poor 
growth  and  feathering,  and  inflammation  of  the  month  have  l)een  reported 
(Chapter  9). 

In  experimental  pellagra,  which  was  induced  in  three  human  subjects 
who  received  a  ‘“corn”  diet  which  furnished  4.7  mg.  of  niacin  and  190  mg. 
of  tryptophan  daily,  findings  included  dermatitis,  glossitis,  stomatitis, 
bloody  diarrhea,  and  mild  mental  disturbances.®'*"  In  addition,  cheilosis, 
angular  stomatitis,  and  dermatitis  of  the  nasolabial  folds  were  observed, 
lesions  commonly  found  in  riboflavin  deficiency,  yet  the  diet  furnished  2 
mg.  of  riboflavin  daily.  The  occurrence  of  similar  lesions  in  deficiency  of 
niacin  and  riboflavin  reflects  the  close  metabolic  relationship  of  these 
vitamins. 

Macrocytic  anemia  may  occur  in  niacin  deficiency  in  both  dogs  and  hu¬ 
mans.  In  dogs,  the  anemia  may  be  cured  by  niacin,  except  in  repeated  epi¬ 
sodes  of  deficiency  when  folic  acid  is  required  for  response.  In  humans,  the 
anemia  often  responds  to  folic  acid  rather  than  to  niacin. 

Achlorhydria  is  of  common  occurrence  in  pellagra  and  free  hydrochloric 
acid  may  reappear  in  the  gastric  juice  following  recovery.  Amenorrhea  has 
likewise  been  observed  in  both  endemic  and  experimental  pellagra. 

(2)  Biochemical  Findings.  In  both  experimental  and  endemic  pella¬ 
gra,  urinary  excretion  of  the  pyridone  of  N*-Me  falls  to  non-detectable 
levels.®^"’*®®  In  experimental  pellagra,  excretion  of  N*-Me  was  in  the  range 
of  0.5  to  0.6  mg.  daily  at  the  time  lesions  first  appeared  and  remained  at 
that  level.®*"  In  endemic  pellagra,  N*-Me  excretion  is  usually  low,  both 
in  the  24-hr.  urine  and  in  urine  collected  after  the  administration  of  a  test 
dose  of  niacin.*"*®"  In  one  subject  with  pellagra,  who  showed  azotemia  and 
an  extremely  large  output  of  nitrogen  in  the  urine,  excietion  of  !N  -Me 
was  above  normal  and  excretion  of  quinolinic  acid  was  markedly  elevated. 

Administration  of  tryptophan,  as  well  as  of  niacin,  has  been  shown  to 
bring  about  healing  of  the  lesions  of  pellagra.®*"-  **®"- 1®®  Abnormal  and  varied 
excretion  of  tryptophan  and  niacin  metabolites  has  been  noted  after  ad¬ 
ministration  of  tryptophan  to  subjects  with  endemic  pellagra.  Unusually 
high  levels  of  quinolinic  acid  were  noted  in  some  instances,***"  suggesting 
the  possibility  of  an  abnormality  in  the  conversion  of  tryptophan  to 
niacin.  In  experimental  niacin  deficiency,  a  gradual  increase  in  excretion 
of  niacin  metabolites  followed  tryptophan  administration. 


4.  Pyridoxine  (Vitamin  Be) 

a.  Sources  and  functions  of  pyridoxine.  Vitamin  Be  is  a  complex  con¬ 
sisting  of  three  closely  related  compounds;  pyridoxine,  pyridoxal,  and  pyn- 
doxamine.  Although  these  three  forms  of  the  vitamin  are  equal  y  a 
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when  injected  into  animals,  pyridoxine  is  the  most  active  when  given  with 
food,  presumably  because  it  is  used  less  well  by  intestinal  miciooiganisms. 

In  the  rat,  vitamin  Be  which  is  synthesized  by  the  intestinal  flora  appears 
to  be  available  for  metabolic  needs.  Whether  this  is  true  in  man  is  unknown. 

Fecal  excretion  of  vitamin  Be  is  fairly  constant  in  animals  and  in  man ; 
average  values  for  man  are  0.8  mg.  daily  in  adults  and  0.2  mg.  daily  in 
infants.^®-  Urinary  excretion  of  vitamin  Be  varies  with  the  intake  and  is 
largely  in  the  form  of  an  oxidation  product,  4-pyridoxic  acid. 

In  the  tissues,  vitamin  Be  occurs  predominantly  as  the  phosphate  of 
pyrido.xal  or  p3U’ido.xamine,  especially  the  former,  except  in  the  liver.  Pyri- 
doxal  phosphate  functions  as  a  coenzyme  in  four  types  of  reactions:  de¬ 
carboxylation  of  amino  acids,  transamination,  and  the  synthesis  and  cleav¬ 
age  of  tryptophan  (Chapter  19).  This  coenzyme  is  necessary  for  the 
deamination  of  amino  acids  and  for  the  formation  of  urea  nitrogen.*®® 
It  appears  to  be  essential  for  the  conversion  of  tryptophan  to  the  pyridine 
coenzymes. *®^  Pyridoxine  may  be  related  to  fatty  acid  metabolism*®®  and 
seems  to  be  necessary  for  normal  adrenal  cortical  function.*®® 

In  pyridoxine  deficiency  in  both  animals  and  man,  an  abnormal  product 
of  tryptophan  metabolism,  xanthurenic  acid,  appears  in  the  urine  after 
administration  of  tryptophan.  This  finding  has  been  suggested  as  a  test  in 
evaluating  pyridoxine  nutrition.*®^  Another  biochemical  test  proposed  for 
detection  of  vitamin  Be  deficiency  is  administration  of  alanine;  in  deficient 
animals,  blood  urea  nitrogen  remains  elevated  for  more  than  12  hr.  and 
glutamic  acid  disappears  slowly,  suggesting  impaired  deamination.*®® 
b.  Pyridoxine  deficiency.  Recent  studies  have  demonstrated  that  vita¬ 
min  Be  is  an  essential  human  nutrient  although  the  exact  requirement  is 
uncertain.  When  a  normal  adult  subject  was  given  a  purified  diet  deficient 
in  vitamin  Be  for  54  days,  mental  depression,  confusion,  albuminuria,  and 


162  f  ^  Snell,  B.  IM.  Guirard,  and  R.  J.  Williams,  J.  Biol.  Chem.  143,  519  (1942). 
(a)  H.  Linkswiler  and  M.  S.  Reynolds,  J.  Nutrition  41,  523  (1950)  •  (6)  P  Moller 
Acta  Physiol.  Scand.  23,  47  (1951).  ’  ’ 
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'**  "'llliams.  an.l  C.  A.  Elvehjem,  J.  Biol.  Chem. 

(a)  C.  W.  Carter  and  P.  J.  R.  Phizackerley,  Biochem.  J.  49,  222  (1951)-  (h)  H 
^6^  ^"^'’*****'*>  ^  //nnaones,  8,  55  (1950).  ’ 
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H.  Hawkins  and  li.  W.  Vilter,  Arch.  Biochem.  33  ,  243  (1951)  (S  s’ P 

J'.  93 '(19^)™’  E-  W.  McHenry, 
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a  decrease  in  neutrophiles  in  the  blood  were  noted.^^^  The  abnormal  findings 
disappeared  after  pyridoxine  administration.  In  two  adults  who  received 
a  diet  low  in  vitamin  Be,  excretion  of  xanthurenic  acid  after  ingestion  of 
tryptophan  was  greatly  increased. In  two  human  infants  who  were  given  a 
diet  deficient  in  pyridoxine,  definite  evidence  of  deficiency  was  observed.^®^*^ 
Pyridoxic  acid  disappeared  from  the  urine,  and  the  ability  to  convert 
tryptophan  to  niacin  was  lost.  The  infants  ceased  to  gain  weight,  and  con¬ 
vulsions  developed  in  one,  hypochromic  anemia  in  the  other.  All  abnor¬ 
malities  were  relieved  by  pyridoxine  administration. 

Pyridoxine  deficiency  has  been  induced  by  administration  of  desoxy- 
pyridoxine  to  adults  receiving  a  diet  low  in  B  complex  vitamins.^^®  Sebor¬ 
rheic  skin  lesions  developed  about  the  eyes,  nose,  and  mouth,  and  cheilosis, 
glossitis,  and  stomatitis  were  observed.  Although  these  findings  resemble 
those  commonly  seen  in  riboflavin  and  niacin  deficiency,  healing  was  de¬ 
pendent  on  administration  of  pyridoxine.  The  deficient  subjects  excreted 
large  amounts  of  xanthurenic  acid  in  the  urine  after  a  test  dose  of  trypto¬ 
phan,  but  ability  to  convert  tryptophan  to  niacin  was  unimpaired. 

Pyridoxine  has  been  used  empirically  for  a  number  of  years  in  the 
treatment  of  nausea  and  vomiting  of  pregnancy,  with  presumably  bene¬ 
ficial  results.  Recent  findings  suggest  that  pyridoxine  metabolism  may  be 
altered  during  human  pregnancy.  Pregnant  women  have  lower  levels  of 
urea  nitrogen  in  the  blood  than  do  non-pregnant  women.  In  women  with 
hyperemesis  gravidarum,  levels  are  lower  than  those  found  during  normal 
pregnancy  and  the  response  to  a  test  dose  of  alanine  is  abnormal,  i.e., 
blood  urea  nitrogen  remains  elevated  for  more  than  12  hours.^®®  It  has 
also  been  shown  that,  after  a  test  dose  of  tryptophan,  pregnant  women 
excrete  abnormally  large  amounts  of  xanthurenic  acid  in  the  urine  as  com¬ 
pared  to  women  who  are  not  pregnant.  This  abnormality  is  corrected  by 
pyridoxine. 

Pyrodoxine  has  been  reported  to  bring  about  healing  of  cheilosis  in  some 
subjects.  In  seborrheic  dermatitis  of  the  secca  type,  application  of  an 
ointment  containing  pyridoxine  has  been  followed  by  improvement.^^® 

Human  requirement  for  vitamin  B®  can  be  estimated  at  present  only  by 
analogy  from  animal  experiments.  On  the  basis  of  studies  of  rat  growth, 
about  1.5  mg.  daily  would  approximate  the  human  need.^^' 


5.  Pantothenic  Acid 

Pantothenic  acid  is  a  constituent  of  coonzyme  A,  wliicli  lias  an  extremely 
important  role  in  a  large  variety  of  transacetylation  reactions  (see  Chapter 
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19)  Although  pantothenic  acid  and  coenzyme  A  are  undoubtedly  important 
in  nutrition  in  man  as  well  as  in  animals,  no  evidence  of  human  pantothenic 
acid  deficiency  has  been  recorded.  The  wide  distribution  of  pantothenic 
acid  in  food  may  explain  this  failure  to  observe  deficiency  even  on  re- 
stricted  diets.  The  human  requirement  is  unknown  but  probably  is  not 
above  5  mg.  daily In  dogs,  the  need  is  similar  to  that  for  thiamine  and 

riboflavin. 


6.  Choline 


Choline  is  considered  to  be  an  important  member  of  the  vitamin  B  com¬ 
plex,  since  most  animals,  when  given  diets  low  in  this  compound,  develop 
deficiency  characterized  by  fatty  livers  and  hemorrhagic  lesions  of  the 
kidney.  Choline  is  believed  to  function  in  at  least  three  ways:  (1)  as  an  in¬ 
tegral  part  of  acetylcholine,  (2)  as  a  source  of  labile  methyl  groups,  and  (3) 
in  stimulating  the  formation  of  phospholipids. 

Little  is  known  of  choline  requirement  in  either  animals  or  man  since 
the  need  is  dependent,  in  part,  on  other  sources  of  methyl  groups  in  the 
diet,  namely  methionine  and  betaine.  Elvehjem^^®  has  suggested  that,  in 
the  light  of  animal  studies,  the  human  requirement  is  probably  less  than 
500  mg.  daily.  This  amount  may  be  furnished  by  the  average  diet  which 
contains  about  250  to  600  mg.  of  choline. 

Choline  has  been  used  in  the  therapy  of  liver  disease  in  man,  either  alone 
or  in  conjunction  with  methionine  and  a  diet  high  in  protein  and  carbohy¬ 
drate.  The  value  of  choline  in  the  treatment  of  fatty  livers  and  cirrhosis 
has  not  been  determined  with  accuracy,  since  long-term  human  experiments 
are  difficult  to  control  and,  in  most  instances,  multiple  therapy  has  been 
prescribed.  It  has  been  shown  that  administration  of  a  single  10-g.  dose  of 
choline  increases  the  rate  of  phospholipid  turnover  in  subjects  in  whom 
fatty  infiltration  of  the  liver  was  observed  on  initial  biopsy.'^^^  When  fat 
disappeared  from  the  liver,  this  effect  could  not  be  demonstrated.  In  pa¬ 
tients  Avith  active  fatty  alcoholic  cirrhosis,  choline  administration  brought 
about  a  moderate  reduction  in  liver  fat  as  shown  histologically  in  biopsy 
specimens.®®  Provision  of  adequate  protein  in  the  diet  was  followed  by  much 
greater  improvement  in  the  liver  cell. 

In  animals,  choline,  methionine,  vitamin  B12,  and  folic  acid  have  been 
shown  to  be  interrelated  in  the  prevention  of  fatty  livers  under  certain 
dietary  conditions.^^^  Whether  this  is  true  in  man  is  unknown.  In  patients 


C.  A.  Elvehjem,  The  Vitamin  B  Complex  in  ref.  73,  p.  178. 

C.  A.  Elvehjem,  The  Vitamin  B  Complex,  in  ref.  p.  181. 
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With  Cirrhosis  who  were  receiving  the  usual  dietary  therapy,  improvement 
after  administration  of  liver  extract  has  been  reportedd^® 

The  absorption  and  excretion  of  choline  have  been  studied  in  normal 
subjects  and  in  patients  with  hepatobiliary  diseasesd^®  After  oral  adminis¬ 
tration  of  2  to  8  g.  of  choline  base,  only  small  amounts  of  choline  were 
detected  in  the  urine,  while  approximately  two-thirds  of  the  ingested  choline 
nitrogen  was  excreted  as  trimethylamine  and  its  oxide.  Incubated  stool  dilu¬ 
tions  were  shown  to  transform  choline  to  trimethylamine.  After  intravenous 
administration  of  choline,  urinary  trimethylamine  excretion  did  not  in¬ 
crease.  These  findings  suggest  that  trimethylamine  is  formed  from  choline 
in  the  intestinal  tract.  Since  trimethylamine  is  a  substance  without  lipo¬ 
tropic  activity,  it  would  appear  that  oral  therapy  with  choline  could  not 
be  expected  to  produce  markedly  beneficial  effects. 

7.  Inositol 

Little  is  known  about  the  role  of  inositol  in  nutrition.  Inositol  exhibits 
lipotropic  activity  in  animals  only  when  added  to  a  hypolipotropic  diet 
devoid  of  fat,  and  it  exerts  either  no  or  slight  activity  when  fat  is  added 
to  the  diet.^^^  Inositol  has  been  suggested  as  an  adjuvant  in  the  prevention 
and  treatment  of  chronic  liver  disease  in  man.  It  has  been  reported  that 
inositol  administration  leads  to  a  decrease  in  the  level  of  cholesterol  and 
lipid  phosphorus  in  the  serum  of  patients  with  diabetes  mellitus.^^®  It 
has  been  postulated  that  inositol  plays  a  role  in  creatine  metabolism  and 
therefore  may  be  beneficial  in  the  therapy  of  muscular  dystrophy  in  con¬ 
junction  with  tocopherol. The  value  of  inositol  in  any  of  the  above  situa¬ 
tions  remains  unproved. 


8.  Biotin 


Biotin,  the  anti-egg  white  injury  factor,  is  presumably  needed  in  human 
nutrition,  but  requirement  would  be  difficult  to  establish. The  intestinal 
bacteria  synthesize  this  factor,  and  the  average  diet  appears  to  supply 
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ailequate  quantities.  Urinary  excretion  of  biotin  in  man  exceeds  tlie  arnouid 
supplied  in  the  diet,  while  fecal  excretion  is  much  higher  than  the  intake. 
Experimental  human  deficiency  was  induced  by  Sydenstricker  and  co- 
workers^®”^  by  feeding  raw  egg  white.  Characteristic  findings  were  a  diy, 
scaly  dermatitis,  anorexia,  and  muscle  pains.  It  seems  unlikely  that  spon¬ 
taneous  biotin  deficiency  will  be  observed  in  man. 


P-Aminobenzoic  Acid 

There  is  no  evidence  that  p-aminobenzoic  acid  must  be  supplied  in 
the  diet  of  human  beings. 


10.  Folic  Acid  (Pteroylglutamic  Acid)  and  Citrovorum  Factor 

(Folinic  Acid) 


a.  Folic  acid  requirement.  Folic  acid,  a  factor  essential  for  growth  and 
blood  formation  in  several  animal  species,  is  also  essential  in  man.  The 
source  of  folic  acid  is  both  dietary  and  from  synthesis  by  the  intestinal 
flora.  The  latter  source  of  supply  may  be  important  in  man,  as  in  the  dog 
and  rat,  since  experimental  human  deficiency  has  not  been  produced  with 
diets  low  in  folic  acid.  However,  macrocytic  anemia  which  responds  to  folic 
acid  has  been  observed  in  human  beings  under  a  number  of  circumstances, 
e.g.,  in  infancy,  during  pregnancy,  in  sprue,  and  in  association  with  poor 
diets,  so-called  nutritional  macrocytic  anemia.  The  human  requirement  is 
unknown,  but  on  the  basis  of  animal  requirements  and  of  response  of 
macrocytic  anemia  to  therapy  it  may  be  in  the  vicinity  of  0.1  to  0.2  mg. 
daily. One  of  the  difficulties  in  estimating  the  need  for  folic  acid  is  the  oc¬ 
currence  of  this  factor  in  nature  in  three  forms:  free,  as  pteroyltriglutamic 
acid,  and  as  pteroylheptaglutamic  acid.  Information  concerning  amounts 
of  these  compounds  in  foods  and  their  biologic  availability  is  meager.  The 
best  food  sources  appear  to  be  liver,  deep-green  leafy  vegetables,  other 
green  vegetables,  cauliflower,  kidney,  muscle  meat,  and  wheat  cereals.  Loss 
during  cooking  and  storage  may  be  considerable. 

Another  member  of  the  folic  acid  group  of  vitamins,  citrovorum  factor 
oi  folinic  acid,  is  also  found  in  natural  materials,  both  in  free  and  combined 
foim.  Citiovorum  factor  is  believed  to  be  a  metabolically  active  form  of 

folic  acid  and  is  formed  in  the  body  from  folic  acid.  The  citrovorum  content 
of  foods  is  largely  unknown. 

b.  Functions  of  folic  acid.  Folic  acid  and  citrovorum  factor  are  believed 
to  function  by  participation  in  the  synthesis  of  compounds  utilized  in  the 

ormation  of  nucleoprotems,  and  in  transmethylation  processes.^®!  Accord¬ 
ing  to  Jukes  (Chapter  10),  folic  acid  is  concerned  with  the  incorporation 
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Of  the  “single-carbon  unit’’  into  the  2  and  8  positions  of  the  purine  ring  and 
the  5-methyl  group  of  thymine,  with  the  reversible  formation  of  serine 
rom  glycine  and  “formate”,  and  with  other  reactions  relating  to  the  forma¬ 
tion  of  chohne,  creatine,  and  histidine.  It  seems  likely  that  citrovorum 
factor  IS  the  form  m  which  folic  acid  participates  in  several  enzyme  sys¬ 
tems,  although  these  systems  have  not  been  isolated. 

Folic  acid  exerts  a  hematologic  effect  in  practically  all  types  of  human 
macrocytic  anemia.  This  hematopoietic  property  is  probably  related  to 
the  foimation  or  utilization  of  thymine  and  other  pyrimidines  and  purines. 
Thymine,  in  large  doses,  stimulates  blood  regeneration  in  macrocytic  ane¬ 
mia. patients  with  pernicious  anemia  treated  with  folic  acid,  neurologic 
lesions  appear  and  hematologic  relapse  occurs  if  vitamin  B12  is  not  adminis¬ 
tered.  It  has  been  postulated  that  folic  acid  exerts  its  effect  in  pernicious 
anemia  by  mass  action,”  pushing  a  chemical  reaction  through  to  com¬ 
pletion  in  persons  already  deficient  in  vitamin  B12  and  further  depleting 
body  stores  of  this  factor. 


Aminopterin,  a  folic  acid  antagonist,  has  been  administered  to  patients 
with  leukemia  and  has  brought  about  temporary  remissions  in  about  one- 
third  of  the  subjects.^*®  It  has  been  suggested  that  aminopterin  may  block 
the  synthesis  of  desoxyribonucleic  acid  by  inhibiting  incorporation  of  the 
“single-carbon”  fragment  into  the  methyl  group  of  thymine  and  into  the 
2  and  8  positions  of  the  purine  ring  (Chapter  10).  It  has  been  postulated, 
also,  that  aminopterin  interferes  with  the  conversion  of  folic  acid  to  citro¬ 
vorum  factor.  Toxic  symptoms  following  aminopterin  administration  repre¬ 
sent  the  syndrome  of  folic  acid  deficiency,  i.e.,  glossitis,  diarrhea,  gastro¬ 
intestinal  lesions,  and  anemia.  These  manifestations  may  be  reversed  by 
citrovorum  factor  if  it  is  administered  promptly. 

(1)  Folic  Acid — Ascorbic  Acid  Relationships.  Folic  acid  and  ascorbic 
acid  have  some  interesting  metabolic  relationships,  among  which  is  a  role 
in  tyrosine  metabolism.  Abnormal  excretion  of  tyrosine  metabolites  occurs 
in  human  infants  with  scurvy,  and  in  premature  infants  when  the  diet  is 
high  in  this  amino  acid.  Folic  acid,  in  large  doses,  will  prevent  or  relieve 
this  abnormal  excretion,  as  does  ascorbic  acid.^®®  Folic  acid  exerts  a  similar 
action  in  scorbutic  guinea  pigs.*^® 

Megaloblastic  anemia  of  infancy  appears  to  be  related  to  deficiency  of 
ascorbic  acid  as  well  as  of  folic  acid.  This  anemia  has  been  observed  chiefly 
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in  infants  who  received  a  powdered  milk  preparation  low  in  vitamin  C 
and  has  almost  disappeared  since  ascorbic  acid  was  added  to  this  food.  The 
anemia  occurs  during  the  same  age  period  in  which  scurvy  shows  the  highest 
incidence.  Megaloblastic  anemia  of  infancy  responds  to  folic  acid  or  to 
citrovorum  factor.^*®  May  and  associates'®^  produced  a  comparable  anemia 
in  monkeys  on  a  diet  deficient  in  both  ascorbic  and  folic  acids.  The  anemia 
could  be  prevented  by  ascorbic  acid  alone  and  responded  to  treatment  with 
folic  acid  but  only  partially  to  ascorbic  acid. 

In  vitro  studies  indicate  that  folic  acid  may  be  converted  to  citrovorum 
factor  by  liver  slices  and  that  this  conversion  is  aided  by  ascorbic  acid.^®® 
Vitamin  B12  may  also  have  a  role  in  the  conversion  of  folic  acid  to  citro¬ 
vorum  factor/ ®9  and  both  vitamin  B12  and  ascorbic  acid  may  stimulate 
synthesis  of  folic  acid  in  the  body.^®®  Relationships  between  vitamin  B12 
and  folic  acid  are  complex;  both  function  in  hematopoiesis,  probably  in 
nucleoprotein  synthesis,  and  in  the  metabolism  of  labile  methyl  groups 
and  choline. 

Folic  acid  has  a  role  in  the  reproductive  process  in  the  rat,  the  chick, 
and  the  monkey.  No  evidence  is  available  as  to  a  similar  role  in  human 
nutrition. 

c.  Excretion  of  folic  acid  and  citrovorum  factor.  The  urinary  excretion 
of  folic  acid  and  citrovorum  factor  by  fourteen  human  subjects  on  normal 
diets  was  found  to  average  4.1  and  2.6  jug.  daily,  respectively.  Excretion 
increased  when  the  diet  was  high  in  purines. After  a  50-mg.  oral  dose  of 
folic  acid,  0.1  %  was  excreted  in  the  urine  as  citrovorum  factor  in  the 
subsequent  6  hr.^®®®  Oral  administration  of  ascorbic  acid  with  folic  acid 
increased  excretion  of  citrovorum  factor  threefold  as  compared  to  adminis¬ 
tration  of  folic  acid  alone.^®®  In  human  scurvy,  only  small  amounts  of 
citrovorum  factor  were  found  in  the  urine  and  excretion  increased  slowly 
after  administration  of  folic  acid.  If  ascorbic  acid  was  given  in  large  doses, 
only  a  slight  rise  in  excretion  of  citrovorum  factor  was  observed.  Although 
the  above  interrelationships  between  ascorbic  acid  and  folic  acid  require 
elucidation,  ascorbic  acid  appears  to  have  a  role  in  the  conversion  of  folic 
acid  to  citrovorum  factor.  Recent  studies  indicate  that  ascorbic  acid  ac- 
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tivates  an  enzyme  which  liberates  citrovornm  factor  from  a  bound  form 
present  m  liverd^’-  Perhaps  ascorbic  acid  functions  in  a  similar  manner  in 
the  intestinal  tract  to  release  citrovornm  factor  from  bound  form  in  food. 

It  has  been  repoiled  that  some  patients  with  pernicious  anemia  or  steator- 
ihea  excrete  less  folic  acid  after  intravenous  administration  of  small  doses 
than  do  normal  subjects.  This  might  indicate  an  increase  in  the  utiliza¬ 
tion  of  folic  acid  in  these  diseases.^®* 

d.  Folic  acid  deficiency.  Folic  acid  deficiency  in  man  is  characterized  by 
macrocytic  anemia,  glossitis,  diarrhea,  and  impaired  absorption  from  the 
gastrointestinal  tract.  Folic  acid  will  stimulate  hematologic  response  in 
practically  all  types  of  macrocytic  anemia.  Certain  of  these  anemias  appear 
to  represent  syndromes  of  folic  acid  deficiency,  namely,  macrocytic  anemia 
of  pregnancy  and  megaloblastic  anemia  of  infancy.  In  these  anemias,  re¬ 
sponse  always  follows  administration  of  folic  acid  but  does  not  always 
occur  after  administration  of  vitamin  Some  cases  of  sprue  and  nutri¬ 

tional  macrocytic  anemia  likewise  appear  to  be  due  to  deficiency  of  folic 
acid,  whereas  others  may  be  related  to  deficiency  of  vitamin  B12  or  of  both 
factors.^®®  Administration  of  folic  acid  is  followed  by  healing  of  glossitis, 
subsidence  of  diarrhea,  and  improvement  in  absorption  of  glucose,  fat, 
and  fat-soluble  vitamins  from  the  intestinal  tract,  when  these  findings 
have  been  present. 

Citrovornm  factor  stimulates  hematologic  improvement,  similar  to  that 
induced  by  folic  acid,  in  sprue,  nutritional  macrocytic  anemia,  macrocytic 
anemia  of  pregnancy,  pernicious  anemia  and  megaloblastic  anemia  of 
infancy. ^®®  Whether  this  factor  is  more  active  than  folic  acid  has  not  been 
determined.  Neither  folic  acid  nor  citrovornm  factor  will  prevent  hema¬ 
tologic  relapse  or  the  development  of  neurologic  lesions  in  pernicious 
anemia.’®®  Folic  acid  is  helpful  at  times  in  the  therapy  of  macrocytic  anemia 
associated  with  cirrhosis  of  the  liver. 

11.  Vitamin  B12 

Vitamin  B12,  the  anti-pernicious  anemia  factor  of  liver,  was  originally 
isolated  in  1948  by  Rickes  and  associates’®^  in  this  country  and,  inde¬ 
pendently,  by  E.  Lester  Smith  in  England.’®®  This  vitamin  is  now  known  to 
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include  a  group  of  closely  related  compounds  with  similar  physiologic 
activities;  vitamin  J3i2  contains  the  cyan  group;  vitamin  Bi2a,  and 

Bi2d  (which  are  identical)  contain  the  hydroxy  group;  and  vitamin  Bi2c  con¬ 
tains  the  nitrite  group.  Isolation  of  the  anti-pernicious  anemia  factor  was 
hampered  by  inability  to  produce  a  disease  comparable  to  pernicious  anemia 
in  experimental  animals  and  the  consequent  necessity  of  testing  fractions 
of  liver  for  activity  in  human  subjects  who  had  pernicious  anemia  in 
relapse.  Shorb’s  finding^®®  that  certain  lactobacilli  apparently  required  the 
anti-pernicious  anemia  factor  of  liver  for  growth  greatly  facilitated  re¬ 
search.  At  present,  several  microorganisms  are  used  in  assaying  material 
for  vitamin  B12  including  L.  leichmannii,  a  mutant  of  B.  coli  and  Euglena 
gracilis.  Although  vitamin  B12  was  originally  isolated  from  liver,  it  has 
subsequently  been  obtained  by  fermentation  from  Streptomyces  {Actino- 
viyces)  griseus.'^'^^  Vitamin  B12  has  been  found  in  nature  in  complex  or  bound 
forms  which  may  be  inactive  either  microbiologically  or  clinically.  Excellent 
reviews  of  the  chemistry,  methods  of  assay,  sources,  functions,  and  clinical 
aspects  of  vitamin  B12  have  recently  been  published. 

a.  Metabolic  functions  of  vitamin  B12.  (1)  Pathologic  Changes  in  Per¬ 
nicious  Anemia.  In  order  to  discuss  the  probable  functions  of  vitamin  B12 
in  human  nutrition,  it  is  necessary  to  review  briefly  the  concepts  of  the 
pathogenesis  of  pernicious  anemia,  which  represents  the  syndrome  of 
vitamin  B12  deficiency  in  man,  and  to  outline  the  pathologic  changes  \vhich 
occur  in  this  condition.  Pernicious  anemia  is  not  a  simple  dietary  deficiency 
disease.  Many  years  ago,  Castle  demonstrated  that  some  factor  which  is 
present  in  normal  gastric  juice  is  absent  from  the  gastric  juice  of  patients 
with  pernicious  anemia.  Administration  of  beef  muscle  with  normal  gastric 
juice  stimulated  blood  regeneration  in  pernicious  anemia.  He  postulated 
that  an  “intrinsic  factor”  in  gastric  juice  combined  with  an  “extrinsic 
factor”  in  food  to  form  the  anti-pernicious  anemia  factor  of  liver. 

In  pernicious  anemia,  the  bone  marrow  is  hyperplastic  and  contains  many 
large  young  cells  which  are  designated  megaloblasts.  The  peripheral  blood 
shows  severe  macrocytic  anemia,  leucopenia  with  a  high  percentage  of 
old  polymorphonuclear  leucocytes,  and  thrombocytopenia.  Erythrocyte 
destruction  is  excessive,  as  manifested  by  an  increase  in  the  level  of  bili¬ 
rubin  in  serum  and  a  rise  in  urobilin  excretion  in  the  urine.  An  abnormality 
of  tyrosine  metabolism  is  demonstrated  by  the  excretion  of  certain  phenolic 
compounds  in  the  urine.  Hydrochloric  acid  is  abseiil  from  the  gastric  juice. 
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The  patient  frequently  has  severe  glossitis,  gastrointestinal  complaints, 
and  may  develop  neurologic  lesions  which  include  subacute  combined  de¬ 
generation  of  the  spinal  cord  and  peripheral  neuritis. 

(2)  Effect  of  Vitamin  B12  on  Pathologic  Changes  in  Pernicious  Anemia. 
In  Older  to  prove  that  vitamin  B12  was  the  anti-pernicious  anemia  factor, 
it  was  necessary  to  show  that  this  vitamin  would  influence  the  pathologic 
changes  in  pernicious  anemia  in  the  same  manner  as  liver  extract.  It 


has  been  demonstrated  that  the  parenteral  administration  of  either  vitamin 
Bi2  or  liver  extract,  in  adequate  and  comparable  amounts,  induces  rapid 
return  of  the  megaloblastic  bone  marrow  to  normal,  a  marked  rise  in 
reticulocytes  (young  red  cells)  in  the  blood,  a  gradual  return  of  the  erythro¬ 
cyte,  leucocyte,  and  platelet  counts  to  normal,  a  decrease  in  bilirubin 
concentration  in  blood  and  urobilin  excretion  in  urine  to  normal  levels. 


disappearance  of  abnormal  phenolic  compounds  from  the  urine,  healing 
of  glossitis,  and  improvement  of  lesions  of  the  nervous  system.  The  amount 
of  vitamin  B12  which  will  induce  maximal  response  in  pernicious  anemia  is 
in  the  neighborhood  of  1  to  3  ixg.  daily. ^02  Vitamin  B12  has  also  been 
shown  to  be  effective  in  the  maintenance  of  patients  who  have  pernicious 
anemia  in  a  normal  condition,  in  a  manner  comparable  to  liver  extract. 
The  maintenance  requirement  of  vitamin  B12  ranges  from  less  than  0.5 
to  4  /xg.  daily, when  administered  parenterally  at  monthly  or  bi¬ 
monthly  intervals.  The  exact  mode  of  action  of  vitamin  B12  in  erythropoiesis 
has  not  been  elucidated.  This  vitamin  may  be  involved  in  nucleoprotein 
synthesis  as  is  folic  acid.  Hausmann^”^  obtained  a  hematopoietic  response, 
with  reversal  of  megaloblastic  bone  marrow  to  normal,  following  ad¬ 
ministration  of  2.0  to  2.8  g.  of  thymidine  to  two  patients  with  pernicious 
anemia.  These  flndings  were  interpreted  as  supporting  the  hypothesis 
that  vitamin  B12  exerts  an  enzyme  influence  on  nuclear  metabolism. 

(3)  Vitamin  Bn  and  “Extrinsic”  Factor.  Vitamin  B12  not  only  appears  to 
be  the  anti-pernicious  anemia  factor  of  liver  but  also  the  “extrinsic”  factor 
of  food.  Beef  muscle,  which  is  a  good  source  of  extrinsic  factor,  is  not 
effective  orally  in  the  treatment  of  pernicious  anemia,  unless  given  in 
association  with  normal  gastric  juice.  Beef  muscle  extract,  administered 
parenterally  to  patients  with  pernicious  anemia,  has  an  activity  equivalent 
to  its  vitamin  B12  content.^o^  Vitamin  B12,  administered  orally  in  amounts 
comparable  to  those  found  in  beef  muscle,  is  likewise  not  effective  in  the 
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treatment  of  pernicious  anemia,  unless  given  in  conjunction  with  normal 
gastric  juice.^oi^-  Oral  doses  of  25  to  400  Mg-  oi  vitamin  B12  rarely  stimu¬ 
late  a  hematologic  response;  doses  of  500  to  1000  Mg-  at  times  stimulate 
partial,  and  occasionally  complete,  remission.  Oral  doses  of  3000  Mg-  rnay 
stimulate  maximal  hematologic  improvement  the  median  response  in 
seventeen  subjects  was  found  by  Ungley  to  be  equal  to  that  produced  by 
injection  of  20  to  40  Mg-^°^^ 

(4)  Vitamin  Bn  and  ‘^Intrinsic’'  Factor.  The  nature  of  the  “intrinsic” 
factor  in  gastric  juice  has  not  been  determined  and  its  mode  of  action  re¬ 
mains  poorly  understood.  From  data  discussed  above,  intrinsic  factor 
appears  to  facilitate  the  absorption  of  vitamin  B12.  It  may  do  this  by  pro¬ 
tecting  vitamin  B12  from  destruction  by  some  toxic  or  inhibitory  factor 
in  the  intestinal  tract,  either  by  combining  with  vitamin  B12  or  by  neu¬ 
tralizing  the  toxic  factor.  Macrocytic  anemia  has  been  observed  in  animals 
after  operative  procedures  which  produced  stagnant  loops  of  intestine, 
and  it  has  been  noted  in  human  beings  with  similar  pathologic  findings. 
The  anemia  disappears  with  relief  of  the  stagnation.  Intrinsic  factor  may 
prevent  bacteria  in  the  upper  intestinal  tract  from  utilizing  vitamin  B12, 
thereby  making  it  available  for  absorption.  The  bacterial  flora  of  the 
upper  intestine  is  abnormal  in  patients  with  pernicious  anemia.^®*  Perhaps 
intrinsic  factor  must  combine  with  vitamin  B12  before  absorption  can 
occur.  Gastric  juice  contains  a  substance  which  will  combine  with  vitamin 
Bi2,  rendering  it  microbiologically  inactive,  but  it  has  not  been  proved 
that  this  substance  is  identical  with  intrinsic  factor. A  number  of 
other  substances  combine  with  vitamin  B12.  In  blood  serum,  vitamin  B12 
is  present  largely  in  combined  form.  There  is  some  evidence  that  the  absorb¬ 
able  form  of  vitamin  B12  may  be  a  complex. 

In  marrow  culture  studies,  Callender  and  Lajtha^^  found  that  vitamin 
Bi2  and  normal  gastric  juice  formed  a  therm olabile  hematopoietic  factor 
which  ripened  megaloblasts,  whereas  either  substance  alone  was  inactive. 
They  also  reported  that  normal  serum  contains  a  thermolabile  factor  which 
ripens  megaloblasts  in  vitro,  whereas  serum  from  patients  with  untreated 
pernicious  anemia  had  an  inhibitory  action.  They  postulated  an  extra- 
gastric  as  well  as  a  gastric  source  of  intrinsic  factor.  These  findings  are  in 
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contrast  to  those  of  Horrigan  and  associates, 212  who  injected  vitamin  B12 
into  the  bone  marrow  of  one  iliac  crest  and  produced  maturation  of  eryth¬ 
rocytes  in  this  area,  with  no  change  in  the  marrow  of  the  other  iliac  crest. 
It  is  obvious  that  vitamin  B^-intrinsic  factor  relationships  must  be  clarified 
by  future  investigation. 

(5)  Blood  Levels  and  Excretion  of  Vitamin  Bn.  The  urinary  excretion  of 
vitamin  B12  has  been  studied  by  several  groups  of  investigators  using 
different  methods.  Register  and  Sarett,^^!  using  L.  leichmannii  as  the  test 
organism,  found  the  average  excretion  of  fourteen  subjects  on  normal 
diets  to  be  31  m/xg.  daily;  daily  excretion  was  62  m/xg.  during  fasting.  Gird- 
wood, 2^2  using  Englcna  gracilis  as  the  test  organism,  reported  mean  excre¬ 
tion  of  vitamin  B12  to  be  126  mjug.  daily  in  ten  normal  subjects,  and  95 
m/xg.  daily  in  twenty-two  patients  with  pernicious  anemia.  Oral  adminis¬ 
tration  of  vitamin  B12  in  amounts  up  to  10,000  /xg-  has  resulted  in  very 
minute  or  no  increase  in  urinary  excretion, 2^^  A  major  portion  of  the  in¬ 
gested  vitamin  appears  in  the  feces.21'’*'  Essentially  the  same  amount  of 
vitamin  Bi2  has  been  found  in  the  feces  of  patients  with  pernicious  anemia 
as  in  normal  subjects. 2^^  Extracts  prepared  from  feces  have  been  found  to 
be  hematopoietically  active  when  injected  into  patients  with  pernicious 
anemia. 

After  intramuscular  administration  of  vitamin  B12,  Chesterman  and 
associates2'^‘=  found  that  the  amount  excreted  in  the  urine  was  related  to 
the  size  of  the  dose  according  to  the  formula:  Excretion  =  Dose  —  1.2 
Dose®  *®.  Experiments  of  Unglaub  and  associates2®^  indicate  that  the  rela¬ 
tionship  between  dosage  and  excretion  cannot  be  predicted  with  accuracy. 
Patients  with  pernicious  anemia  excrete  less  vitamin  B12  than  do  normal 
subjects  after  comparable  doses. 20^-  2Gc 

Vitamin  B12  activity  in  human  sera  has  been  measured  by  Ross2^®  using 
Euglena  gracilis  as  the  test  organism,  and  by  Rosenthal  and  Sarett2i^  using 
L.  leichmannii.  Vitamin  B12  appears  to  be  present  in  sera  largely  in  com¬ 
bined  form,  probably  bound  to  protein.  In  normal  subjects,  Ross2‘®  found 
levels  of  vitamin  B12  activity  of  0.35  to  0.75  m/xg.  per  milliliter  of  serum, 
Rosenthal  and  Ss^reiV^’’  found  levels  of  0.08  to  0.42  m/xg.  per  milliliter. 
Unglaub  and  associates2i8  found  serum  activity  to  be  less  than  0.08  m/xg. 
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per  milliliter  in  patients  with  macrocytic  anemia.  Serum  levels  increased 
following  injections  of  vitamin  B12,  the  increase  being  proportional  to  the 
size  of  the  dose.^o^  A  rise  in  serum  vitamin  B12  activity  also  followed^  oral 
administration  of  3000  /xg.  of  vitamin  B12  in  normal  subjects  and  in  patients 
with  pernicious  anemia.^o^.  21*  The  rise  was  equal  to  that  observed  alter 
parenteral  administration  of  10  to  50  fig.  of  the  vitamin.  An  increase  m 
serum  activity  was  observed  after  oral  administration  of  500  and  1000  fig 
of  vitamin  B12  in  one  patient  with  pernicious  anemia  but  not  in  several 

normal  subjects. 

No  vitamin  B12  was  detected  microbiologically  in  the  tissues  of  a  patient 
with  untreated  pernicious  anemia  who  died  of  coronary  thrombosis. 
However,  skin  specimens  obtained  by  biopsy  from  three  patients  with 
pernicious  anemia  in  relapse  showed  vitamin  B12  activity. 

(6)  Vitamin  Bu  and  Growth.  Vitamin  B12  is  essential  for  the  growth  of 
many  animal  species  and  is  probably  the  principal  but  not  necessarily  the 
only  component  of  the  animal  protein  factor  (Chapters  9  and  10).  Pre¬ 
liminary  reports  indicate  that,  under  certain  conditions  of  diet  and  nutri¬ 
tion,  vitamin  B12  may  promote  growth  in  human  beings. 220 

(7)  Other  Functions  of  Vitamin  Bn.  Relationships  of  vitamin  B12  to 
methionine,  choline,  and  folic  acid  metabolism  have  been  discussed  in 
Chapter  10.  Whether  vitamin  B12  is  related  to  transmethylation  processes 
in  man  remains  to  be  determined. 

b.  Clinical  importance  of  vitamin  B12.  The  importance  of  vitamin  B12 
in  the  therapy  of  pernicious  anemia  has  been  discussed  above.  This  vitamin 
is  effective,  also,  in  the  treatment  of  certain  other  types  of  human  macro¬ 
cytic  anemia.  Satisfactory  clinical  and  hematologic  response  has  been 
obtained  in  sprue  and  nutritional  macrocytic  anemia  after  parenteral 
administration  of  vitamin  Bi2,2°®  and  in  some  subjects  after  oral  adminis¬ 
tration.^®®  Gastric  juice  appears  to  potentiate  the  effect  of  oral  vitamin  B12 
in  some  subjects. 221  Macrocytic  anemia  after  gastrectomy  responds  to 
injections  of  vitamm  B12  but  folic  acid  may  also  be  required. 222  Vitamin 
B12  is  not  as  effective  as  folic  acid  in  the  treatment  of  macrocytic  anemia 
of  pregnancy  or  megaloblastic  anemia  of  infancy;  response  occurs  in  some 
cases  and  not  in  others.®®®  Administration  of  vitamin  B12  is  useful  in  anemia 
associated  with  fish  tapeworm  infestation.  It  is  believed  that  the  anemia 
results  from  competition  between  the  worm  and  the  host  for  vitamin  ]^i2.  In 


2^®  R.  H.  Girdwood,  Brit.  J.  Nutrition  6,  xi  (1951). 

nllQWM  m’' ‘rw'!'  Helikson,  Science  110,  661 

J.  K'-eel.le.an,l  R.  M.  G.ue„i„Ker, 

m  J.  1,  158  (1951). 

r‘  u  '  T  Postgrad.  Med.  10,  189  (1951)-  (6)  V 

msberg,  J.  Watson,  and  H.  Lichtman,  J.  Lab.  and  Clin.  Med.  36,  328*  (1950)  . 


57G 


GRACE  A.  GOLDSMITH 


some  ca^s  of  macrocytic  anemia  associated  with  cirrhosis  of  the  liver 
vitamin  B12  may  stimulate  hematologic  response. 

Vitamin  B,,  has  been  used  in  the  treatment  of  certain  neurological  con¬ 
ditions  unrelated  to  pernicious  anemia.  Dramatic  relief  of  pain  in  nutri¬ 
tional  neuropathy  was  reported  by  Bean  and  associates.224  Marked  im¬ 
provement  has  followed  administration  of  massive  doses  of  vitamin  B^, 
1000  Mg.  daily ,  m  trigeminal  neuralgia.  The  neurological  manifestations  of 
diabetes  mellitus  have  also  improved  following  therapy  with  vitamin  B12.225 

IX.  Ascorbic  Acid  (Vitamin  C) 

Ihe  disease  scurvy  was  recognized  many  centuries  ago  and  satisfactory 
empiric  treatment  was  devised  several  hundred  years  before  ascorbic  acid 
was  isolated.  The  many  studies  which  have  been  conducted  since  identifi¬ 
cation  of  this  vitamin  are  reviewed  in  Chapter  11.  Therefore,  only  findings 
of  particular  importance  in  human  nutrition  will  be  summarized  in  this 
section. 

1.  Absorption,  Excretion,  Blood  Levels,  and  Storage 

OF  Ascorbic  Acid 

Since  ascorbic  acid  is  water-soluble  and  very  easily  oxidized,  loss  of  this 
factor  in  the  storage  and  preparation  of  food  may  be  great.  Destruction  is 
more  rapid  in  neutral  and  alkaline  solutions  than  in  acid  solutions.  In 
patients  who  have  achlorhydria  and  in  those  who  have  received  alkaline 
medication,  ascorbic  acid  may  be  destroyed  m  the  upper  intestinal  tract. 
The  vitamin  is  absorbed  readily,  and  the  levels  of  ascorbic  acid  in  plasma 
are  related  to  recent  dietary  intake.  Tissue  saturation  is  achieved  easily 
with  large  doses  of  ascorbic  acid,  and  amounts  in  excess  of  this  are  excreted 
in  the  urine.  It  has  been  estimated  that  when  the  tissues  of  an  adult  human 
being  are  saturated  the  body  contains  about  5  g.  of  ascorbic  acid. 

The  physiology  of  excretion  of  ascorbic  acid,  which  is  a  threshold  sub¬ 
stance,  has  been  reviewed  by  Smith. 226  The  mechanism  of  reabsorption  in 
the  renal  tubules  is  poorly  understood.  Average  maximum  tubular  re¬ 
absorption  was  found  by  Ralli  and  associates  to  be  1.77  mg.  per  100  ml. 
of  tubular  filtrate  per  minute  (see  Chapter  11). 

Many  studies  of  the  concentration  of  ascorbic  acid  in  blood  and  urine  in 
relation  to  dietary  intake  have  been  carried  out.  In  studies  of  population 
groups,  a  significant  correlation  between  dietary  intake  and  plasma  level 

W.  B.  Bean,  M.  Franklin,  and  A.  L.  Sahs,  Am.  J.  Med.  Sci.  220,  431  (1950). 

“6  S.  M.  Sancetta,  P.  R.  Ayres,  and  W.  R.  Scott,  Ann.  Internal  Med.  36,  1028 

(1951).  .  ^ 

H.  W.  Smith,  The  Kidney,  Structure  and  Function  in  Health  and  Disease,  Ox¬ 
ford  University  Press,  New  York,  1951,  pp.  136ff. 
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of  ascorbic  acid  has  been  reported. When  the  diet  contains  75  to  100  mg. 
of  ascorbic  acid,  plasma  levels  of  1.0  to  1.4  mg.  per  100  ml.  are  observed. 
When  the  diet  includes  only  15  to  25  mg.,  plasma  values  range  from  0.1 
to  0.3  mg.  per  100  ml.  When  vitamin  C  is  essentially  absent  from  the  diet, 
plasma  concentration  falls  rapidly  to  zero.  Determination  of  plasma  con¬ 
centration  is  not  a  good  measure  of  the  vitamin  C  nutrition  of  individuals, 
since  a  zero  level  does  not  signify  impending  scurvy.  Also,  there  is  wide 
individual  variation  in  plasma  levels  on  comparable  diets,  and  a  decrease 
may  occur  in  many  pathological  states. 

The  concentration  of  ascorbic  acid  in  the  white  cell-platelet  layer  of 
blood  is  a  much  better  index  of  tissue  concentration  and  body  stores  of 
vitamin  C  then  the  level  in  plasma.  In  normal  subjects  whose  tissues  are 
nearly  saturated,  the  white  cell-platelet  concentration  is  25  to  30  mg.  per 
100  ml.  The  concentration  falls  gradually  during  depletion  and  reaches 
zero  shortly  before  signs  of  scurvy  make  their  appearance.^^®  Peters  and 
associates'^*''  suggest  that  a  white  cell-platelet  concentration  of  less  than 
2  mg.  per  100  g.,  on  repeated  analyses,  supports  the  diagnosis  of  scurvy. 

The  urinary  excretion  of  ascorbic  acid  falls  when  the  dietary  intake  is 
reduced,  but  it  is  a  poor  measure  of  tissue  stores.  Administration  of  test 
doses  of  ascorbic  acid,  followed  by  determination  of  the  amount  excreted 
in  the  urine  or  of  the  concentration  in  blood,  has  been  widely  used  in  nutri¬ 
tional  evaluation. When  the  tissues  are  saturated  with  ascorbic  acid,  a 
larger  percentage  of  the  test  dose  is  excreted  in  the  urine,  and  the  blood 
concentration  reaches  higher  levels  and  remains  elevated  for  longer  periods, 
than  when  tissues  are  depleted. 

2.  Metabolic  Functions  of  Ascorbic  Acid 

Although  ascorbic  acid  has  been  shown  to  have  many  biologic  functions. 


little  is  known  of  its  chemical  role  in  metabolic  processes.  Recently,  Sealock 
and  Goodland**  and  Knox  and  LeMay-Knox^^a  have  demonstrated  that 
ascorbic  acid  is  a  coenzyme  in  the  oxidation  of  tyrosine.  This  is  “the  only 
section  of  the  vitamin’s  activity  in  which  the  molecular  processes  that 
depend  on  it  are  clearly  understood”  (Chapter  11).  This  explains  the  ab¬ 
normal  excretion  of  tyrosine  metabolites  in  human  scurvy  and  the  return  to 


and  J.  R.  P.  O’Brien,  Lancet  1,  853  (1948). 

(a)  M.  LeMay-Knox  and  W.  E.  Knox,  Biochem.  J.  48,  : 
Knox  and  M.  LeMay-Knox,  Biochem.  J.  49,  686  (1951). 
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normal  after  administration  of  ascorbic  acid.  As  previously  noted  folic 
acid  will  also  correct  this  metabolic  defect.  Relationships  between  ascorbic 
acid,  fohc  acid,  and  vitamin  B,2,  particularly  in  megaloblastic  anemia  of 
infancy,  have  been  discussed  in  a  previous  section  (pp.  568  and  569). 
Ascorbic  acid  may  release  citrovonim  factor  from  bound  form  or  may  assist 
in  conversion  of  folic  acid  to  citrovonim  factor.  The  choline  oxidase  system 
may  be  concei  ned  in  relationships  between  ascorbic  acid,  folic  acid,  and 
vitamin  B12  (Chapter  11). 

It  is  generally  agreed  that  connective  tissue  is  defective  in  ascorbic  acid 
deficiency  but  the  exact  nature  of  the  defect  is  controversial.  Ascorbic 
acid  appears  to  be  essential  for  the  production  of  collagen.  According  to 
Wolbach,23o  all  intercellular  substances  of  supporting  tissue  have  a  sub¬ 
structure  of  collagen.  Changes  in  bones,  teeth,  and  gums  in  scurvy  are 
believed  to  be  secondary  to  this  fundamental  defect,  i.e.,  failure  to  form 
normal  connective  tissue.  The  defect  in  capillaries  in  scurvy,  which  is 
manifested  by  hemorrhagic  phenomena,  is  perhaps  due  to  abnormal  peri- 
capillary  connective  tissue  rather  than  to  absence  of  an  intercellular  cement 
substance  (Chapter  11).  Defective  wound  healing  has  been  demonstrated 
in  ascorbic  acid  deficiency  in  man^^s^  as  well  as  in  guinea  pigs  and  is  expli¬ 
cable  on  the  same  fundamental  basis.  In  clinical  medicine,  close  attention 
is  directed  to  the  ascorbic  acid  nutrition  of  subjects  who  are  injured,  or 
who  are  to  undergo  surgical  operations,  to  ensure  an  adequate  supply  of 
vitamin  C  for  tissue  repair. 

Ascorbic  acid  has  a  close  relationship  to  adrenal  cortical  activity  (Chap¬ 
ter  11).  Stimulation  of  the  adrenal  cortex  leads  to  depletion  of  ascorbic 
acid  stores  in  the  gland,  but  even  in  severe  depletion  cortical  function  is 
maintained.  In  conditions  of  stress  and  after  administration  of  corticotro¬ 
pin,  requirement  and  utilization  of  ascrobic  acid  is  increased.  It  has  been 
suggested  that  ascorbic  acid  is  concerned  in  the  oxidation  of  a  precursor  of 
some  adrenal  cortical  steroid  (Chapter  11).  Pirani^^i  postulated  that 
ascorbic  acid  may  have  a  nonspecific  function  related  to  cellular  respiratory 
activity  and  metabolic  rate. 

d’he  relationship  between  ascorbic  acid  and  adrenal  cortical  activity 
suggests  that  ascorbic  acid  should  be  administered  in  conditions  of  stress, 
particularly  after  burns  and  other  trauma,  and  to  persons  receiving  pro¬ 
longed  therapy  with  corticotropin.  Dao  and  Shank^®^  reported  that  the 
decline  in  plasma  ascorbic  acid  which  follows  surgical  procedures  can  be 
prevented  if  1  g.  of  ascorbic  acid  is  given  intravenously  prior  to  operation. 
In  patients  who  received  this  therapy,  urinary  excretion  of  steroids  in- 

230  S.  B.  Wolbach,  Am.  J .  Path.  Suppl.  9,  689  (1933). 

231  C.  L.  Pirani,  Metabolism  1,  197  (1952). 

23*  T.  L.  Dao  and  R.  E.  Shank,  J.  Lab.  Clin.  Med.  38,  802  (1951). 
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creased  post-operatively.  Klasso>i^“  found  that  administration  of  ascorbic 
acid  to  patients  with  burns  reduced  the  time  interval  which  must  elapse 

before  skin  grafting  could  be  undertaken.  ,•  i  i 

Plasma  ascorbic  acid  decreases  in  a  number  of  infections,  particularly 
those  of  long  duration,  such  as  rheumatic  fever  and  tuberculosis.  It  seems 
logical  to  supplement  the  diet  with  ascorbic  acid  in  these  conditions  even 
though  the  role  of  vitamin  C  in  infection  is  not  clear.  Phis  role  may  be 
related  to  adrenal  cortical  activity,  to  some  function  of  ascorbic  acid  in 
phagocytosis,  or  perhaps  to  some  general  effect  on  tissue  reaction  to  injury 
(Chapter  11).  In  hyperthyroidism,  the  requirement  for  ascorbic  acid 
appears  to  be  increased  and  supplementation  with  this  vitamin  would 


appear  to  be  indicated. 

Ascorbic  acid  has  a  number  of  other  biologic  functions.  It  exerts  some 
effect  on  the  hyaluronidase-hyaluronic  acid  reaction.^^^  High  concentration 
of  ascorbic  acid  in  the  ovary  is  associated  with  secretion  of  the  steroid 
hormone,  progesterone.  Ascorbic  acid  influences  the  reaction  of  small  blood 
vessels  to  adrenaline.  Whether  ascorbic  acid  functions  as  a  respiratory 
catalyst  is  still  uncertain.  It  has  been  suggested  that  the  movement  of 
ascorbone  into  erythrocytes,  the  anterior  chamber  of  the  eye,  and  the 
central  nerous  system  may  indicate  a  role  as  an  o.xygen  carrier  (Chapter 
11).  Many  of  the  biochemical  changes  in  scorbutic  guinea  pigs  seem  to  be 
related  to  oxidation-reduction  processes.  Further  investigation  will  un¬ 
doubtedly  clarify  the  relationship  of  ascorbic  acid  to  hormones  and  to 
enzyme  systems  and  permit  additional  applications  to  human  nutrition 
and  clinical  medicine. 

The  recent  studies  of  Burns  and  associates'®^  with  radioactive  L-ascorbic 
acid  showed  that  30%  of  a  dose  injected  into  guinea  pigs  was  recovered  in 
respiratory  carbon  dioxide  during  24  hr.  The  urine  contained  3  to  6  %  of 
total  activity,  60%  of  which  was  found  in  calcium  oxalate.  Presumably 
ascorbic  acid  will  be  found  to  be  a  precursor  of  oxalate  in  man. 


3.  Ascorbic  Acid  Requirement 

The  minimal  amount  of  ascorbic  acid  which  will  prevent  scurvy  in  in¬ 
fants  or  adults  is  approximately  10  mg.  daily.  There  is  disagreement  as  to 
the  amount  of  ascorbic  acid  which  should  be  included  in  the  diet  for  the 
maintenance  of  good  nutrition.  I  he  recommended  daily  allowance  in  the 
dietary  standard  of  the  United  States  (Table  1)  is  30  mg.  for  infants,  70 
to  75  mg.  for  adults,  100  mg.  during  pregnancy,  and  150  mg.  during  lacta- 

233  D.  H.  Klassoii,  New  York  State  J.  Med.  61,  2388  (1951). 

234  E.  Reppert,  J.  Donegan,  and  L.  E.  Hines,  Proc.  Soc.  Exptl.  Biol.  Med.  77,  318 
3  J.  J.  Burns,  H.  B.  Burch,  and  C.  G.  King,  Federation  Proc.  9,  157  (1950). 
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tion.27  The  recommendation  in  the  dietary  standard  of  Great  Britain  is 
10  mg.  daily  for  infants,  20  mg.  daily  for  adults,  and  50  mg.  during  lacta- 
tion.29  The  Canadian  recommendation  is  30  mg.  daily  for  individuals  of 
all  age  groups. 

The  bases  for  the  high  allowances  suggested  in  this  country  are  several. 
In  young  growing  guinea  pigs,  almost  five  times  as  much  ascorbic  acid  is 
required  for  the  development  of  normal  tooth  structure  and  for  rapid  heal¬ 
ing  of  wounds  than  is  needed  for  prevention  of  the  classical  lesions  of  scurvy; 
still  more  is  required  for  maximum  phosphatase  activity  in  wounds.” 
Ascorbic  acid  is  needed  in  amounts  greater  than  those  which  will  just  pre¬ 
vent  scurvy  to  maintain  a  tissue  concentration  of  ascorbic  acid  in  guinea 
pigs  and  primates  comparable  to  that  found  in  animals  which  synthesize 
this  vitamin. Ascorbic  acid  is  needed  in  increased  amounts  during  periods 
of  stress.  Infections  are  associated  with  a  decrease  in  the  plasma  concentra¬ 
tion  and  urinary  excretion  of  ascorbic  acid.  Considerable  evidence  sug¬ 
gests  a  close  metabolic  relationship  between  ascorbic  acid  and  adrenal 
cortical  activity. 

Kellie  and  Zilva”®  found,  in  one  subject,  that,  when  30  mg.  of  ascorbic 
acid  was  ingested  daily,  almost  none  was  excreted  in  the  urine;  this  sug¬ 
gested  complete  utilization.  When  the  dietary  intake  was  100  mg.,  about 
50  mg.  was  “metabolized”;  when  intake  was  50  mg.  about  40  mg.  was 
“metabolized.”  Dodds^”  studied  plasma  concentration  and  urinary  excre¬ 
tion  of  ascorbic  acid  at  several  levels  of  intake  (50,  75,  and  100  mg.  daily) 
and  calculated  that  “utilization”  of  ascorbic  acid  was  slightly  less  than  1 
mg.  per  kilogram  of  body  weight. 

The  amount  of  ascorbic  acid  necessary  for  the  maintenance  of  tissue 
saturation  in  adults  is  in  the  neighborhood  of  100  mg.  or  more  daily.  Al¬ 
though  there  is  no  evidence  that  saturation  is  necessary  for  the  maintenance 
of  normal  nutrition,  the  above  findings  suggest  that  something  above 
minimal  is  desirable.  The  exact  level  which  will  ensure  adequate  body 
stores  and  provide  for  emergency  situations  remains  unknown. 

4.  Ascorbic  Acid  Deficiency 

In  experimental  ascorbic  acid  deficiency  in  man,”®"’  it  was  noted 
that  the  plasma  concentration  of  ascorbic  acid  fell  to  zero  in  five  to  six 
weeks,  while  concentration  in  the  white  cell-platelet  layer  dropped  to 
less  than  1  mg.  per  100  g.  in  about  sixteen  weeks.  Shortly  after  this,  clinical 
signs  of  deficiency  appeared.  These  included  hyperkeratotic  papules  sur¬ 
rounding  hair  follicles,  exacerbation  of  acne,  perifollicular  hemorrhages 
and  petechiae,  tiny  hemorrhages  in  the  tips  of  the  interdental  papillae, 
and  poor  wound  healing.  In  one  study,”®^  the  gums  became  purplish, 

236  A.  E.  Kellie  and  S.  S.  Zilva,  Biochem.  J .  33,  153  (1939).  /1nKn^ 
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spongy,  and  swollen  in  subjects  who  had  previously  shown  periodontal 
disease.  In  another, 228“  X-ray  films  of  the  teeth  showed  interruptions  of 
the  lamina  dura.  In  a  third  investigation, a  saturation  test  in  which 
blood  and  urine  concentration  were  measured  after  giving  15  mg.  of  ascorbic 
acid  per  kilogram  of  body  weight  proved  to  be  a  reliable  index  of  tissue 
depletion.  The  capillary  fragility  test  was  of  no  value  in  detecting  deficiency. 

In  spontaneous  scurvy  in  adults,  findings  similar  to  those  noted  in  ex¬ 
perimental  deficiency  are  observed.  When  deficiency  is  severe,  hemor¬ 
rhagic  phenomena  are  more  marked  and  bleeding  may  occur  into  any 
tissue  or  from  any  mucous  membrane.  Anemia  and  edema  are  common 
findings.  Severe  lesions  of  the  gums,  atrophy  of  alveolar  bone,  and  loosen¬ 
ing  of  the  teeth  occur  in  advanced  scurvy. 

Scurvy  in  infants  is  characterized  by  hemorrhagic  phenomena,  including 
subperiostial  hemorrhage,  gum  changes,  and  pathology  of  the  bones.  The 
lesions  are  described  in  detail  in  Chapter  13. 


X.  Trends  in  Human  Nutrition  Research  and  Future  Possibilities 


The  preceding  discussion  summarizes  a  portion  of  the  vast  store  of  in¬ 
formation  which  has  accrued  in  the  field  of  human  nutrition  over  the  years. 
Early  investigation  dealt  with  studies  of  energy  metabolism  and  deter¬ 
mination  of  the  nutrients  essential  for  man.  Subsequently,  attention  was 
directed  to  delineation  of  specific  deficiency  syndromes.  More  recently, 
interest  has  centered  on  the  role  of  nutrients  in  metabolic  processes  and  on 
nutrient  interrelationships.  Concomitant  with  basic  research,  knowledge  of 
nutrition  has  been  applied  in  preventive  and  curative  medicine  and  in 
public  health.  The  only  major  deficiency  disease  in  the  world  today  in 
which  the  etiology  remains  to  be  clarified  is  kwashiorkor.  If  food  supplies 
could  be  equitably  distributed  and  if  education  could  keep  pace  with  ad¬ 
vancing  knowledge,  it  would  be  possible  on  the  basis  of  present  information 
to  provide  a  reasonably  adequate  diet  for  all  normal  persons.  Poverty, 
ignorance,  lack  of  trained  personnel,  problems  inherent  in  national  pro¬ 
ductivity  and  in  international  trade  relationships  are  some  of  the  factors 
limiting  application  of  current  knowledge  to  the  solution  of  world  nutri¬ 
tional  problems.  Education  and  international  cooperation  should  assist  in 
so  vmg  these  problems  but,  from  their  inherent  nature,  progress  will  be 
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on  y  111  health  but  m  disease.  Relationships  between  hormones  and  nutri- 
e  ts  appear  to  be  a  fruitful  field  for  exploration.  That  certain  nutrients 
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ologic  states.  Recently,  much  attention  has  been  directed  to  the  role  of 
nutrition  in  diseases  which  are  primarily  non-nutritional  in  origin,  and  in 
diseases  in  which  etiologic  relationships  to  nutrition  are  uncertain!  A  case 
in  point  is  the  extensive  investigation  of  relationships  between  lipid  metabo¬ 
lism  and  atherosclerosis.  Perhaps  nutrition  will  be  found  to  be  a  factor  in 
the  pathogenesis  of  some  of  the  so-called  degenerative  diseases,  which 
increase  in  frequency  with  advancing  age.  Nutrition  may  play  a  role  in 
the  development  of  some  types  of  human  neoplasia,  as  has  been  found  for 
certain  tumors  in  animals. 

As  new  insight  into  metabolic  processes  is  gained  through  basic  research, 
findings  will  be  applied  to  man  and  should  be  of  great  assistance  in  pro¬ 
viding  abundant  health  to  more  persons,  and  in  the  prevention  and  treat¬ 
ment  of  diseases  which  have  been  resistant  to  therapeutic  efforts  in  the 
past. 
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site  of  action,  281-282 
stimulation  of  glycolysis  by,  229 
Adenosine  triphosphate,  (ATP),  174,  183, 
201,  229,  234,  331,  348,  359,  411,  539 
assay  for,  350 

coenzymes  and,  373,  374,  378,  379,  389 
hydrolysis  of,  349 

in  biosynthetic  reactions,  207,  224,  228, 
229,  256,  276,  346,  352,  353-355,  369-370, 
380,  393 

in  energy  transfer,  511 
in  fermentation,  205-207  ,  229  ,  387 
in  oxidative  reactions,  205-207,  215, 
217,  218 

in  phosphorylation,  280-281,  353—355 
in  terminal  respiration  208-223 
mitochondria  and,  15,  221,  282 
role  of,  203-205 

Adenylic  acid,  174,  185,  277  .  304 
enzymes  and,  8,  9,  244,  277  ,  355 
in  pyridine  nucleotides,  332 
isomers  of,  266 

Adenylic  acid  deaminase,  349-350 
Adenylic  acid  5-nucleotidase,  9 
Adrenal  gland,  524,  525,  526,  542 
vitamins  and,  25, 71-72,  75-76,  563,  578- 
579 

Adrenalin,  358,  579 

Adrenocorticotrophic  hormone  (ACTH), 
75-76,  525,  578-579 

Aedes,  aegypti,  nutrition  of,  190,  191-192 

Aerobiosis,  208 

Aglaia  urticae,  194-195 

Aglycon,  245  ,  264 

Agmatine,  275 

Alanine,  190,  251,  346,  387,  563 
in  feces,  155-156 


in  transamination,  386 
oxidation  of,  306 
Albumin,  253  ,  481,  519 
as  growth  requirement,  171-172 
calcium-binding  by,  412-413,  420 
Alcohol  dehydrogenase,  292,  294,  337 
dissociation  of,  328,  329 
in  coenzyme  assay,  336 
Alcoholism,  556 
Alcohols, 
esters,  245,  247 
oxidation  of,  338 
phosphates,  202 
Aldehyde  oxidases,  347 
Aldehydes,  oxidation  of,  307,  309,  338 
Aldolase,  3,  13,  16 
“Ali -esterases”,  247 

Alimentary  tract,  in  vitamin  deficiency, 
46-47,  63-64,  69,  70,  71,  74-75 
Allantoic  acid,  277 
Allantoicase,  277 
Allantoin,  277,  279 
Allantoinase,  277-278 
Alopecia,  66,  443,  473,  474 
Aluminum,  385,  427,  502-503,  533 
Aluminum  hydroxide  gel,  317,  502 
Amethopterin,  180 
Amidases,  232,  274-278 
Amine  oxidase,  13 
Amines,  acylated,  228 
aromatic,  210,  373 
effect  on  a-keto  acids,  362 
oxidation  of,  338 

Amino  acid  decarboxylase,  382,  385 
n-Amino  acid  oxidase,  347  ,  558  559 
coenzyme  of,  304,  306,  342,  345-346 
L- Amino  acid  oxidase,  306-307,  347 
Amino  acids,  68,  76,  272,  514,  517,  518 
amides,  257 

degradation  of,  208,  381,  563 
excretion  and,  155-156,  278,  519-520 
incorporation,  227 
in  therapy,  522 
requirements,  517 
sulfur-containing,  106 

synthesis,  275 

synthetic  capacities  of  organisms,  177 
terminal,  254 
unnatural,  177,  178 
utilization,  148,  170,  173,  176,  190 
p-Aminobenzoic  acid,  (PABA),  142,  17  , 
191,  567 
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acetylactioii  of,  374 
as  growth  requirement,  174 
synthesis  of,  15 
Aminodimethylaniline,  2 
Amino  group  transport,  331 
4-Aminoimidazole-5-carboxamide,  182 
4-Amino-9-methylpteroylglutamic  acid , 
see  Amethopterin 
Aminopeptidases,  253 
Aminopterin,  in  treatment  of  leukemia, 
568 

utilization  by  Tetrahymena,  180 
Ammonia,  177,  214,  251,  256,  257,  275,  276, 
277,  306-307,  346,  354,  379,  383,  386, 
387 

formation  in  digestive  system,  147-148, 
153-154 

reaction  with  glutamine,  228-229,  355 
Ammonium  sulfate,  301,  302,  303,  304, 
306,  310,  311,  328 
Ammonium  sulfide,  3,  5 
Amoeba,  18,  21 
Amylases,  7,  251,  262.  283 
activation  of,  244,  262 
distribution  and  properties,  262 
in  intestinal  microorganisms,  137,  143 
in  mitochondria,  21 
in  steatorrhea,  156 
specificity  of,  259 
substrates  of,  259,  260-262 
theories  of  action,  260-261 
Amylo-l,6-glucosidase,  260,  262,  263,  283 
Amyloid,  83 

Amylopectin,  composition  of,  258 
hydrolysis  of,  259-260,  261-262,  263 
molecular  weight  of,  258-259 
phosphorolysis  of,  283 
Amy  lose,  251,  263,  282 
composition  of,  258 
hydrolysis  of,  259,  260-261 
molecular  weight  of,  258 
synthesis  of,  283-284 
Anaerobic  glycolysis,  207 
Anaerobiosis,  208 
respiration  in,  287 
Androgens,  422 
Anemia,  402,  526,  544 
carbonic  anhydrase  in,  470-471 
hemosiderin  in,  407-408 
pernicious,  570 
antibiotics  and,  157 


trace  elements  and,  401,  405,  435-437, 
439-440,  442,  450,  453,  542-543 
vitamins  and,  68,  72,  562,  564,  567,  568- 
569,  571-572,  575-576 
Aneurindiphosphate,  see  Thiamine  Py¬ 
rophosphate 
Aniline,  256 

Animal  protein  factor,  575 
Antimony  trichloride,  22 
Antibiotics,  551 

effect  on  intestinal  microorganisms, 
157-161 
Apatite,  414 

Apodehydrogenases,  293 
Apoenzyme,  328 

Apoferritin,  in  iron  absorption,  402,  542 
structure  and  chemistry,  406 
Appetite,  450 
Apyrases,  282 
Arabinose,  144 
Arachidonic  acid,  107,  194 
Arctomys  marmotta,  79 
Arginase,  274^275,  276 
activation  of,  275,  460,  461,  463 
distribution,  7,  13,  274 
effect  of  ions  on,  241 
specificity  of,  275 
Arginic  acid,  275 
Argininamide,  257 

Arginine,  170,  176,  177,  190,  192,  352,  517 
hydrolysis  of,  274 
in  feces,  155-156 
Arginine  decarboxylase,  385 
Arsenate,  207,  367 
inhibition  by,  297 

in  oxidation  of  phosphoglyceralde- 
hyde,  206 

in  phosphorolysis,  283 
Arsenic,  427,  429,  487 
antagonism  to  selenium,  500 
effect  on  tissue  growth,  499 
Arsenolysis,  373 

l-Arsenyl-3-phosphoglyceric  acid,  297 
Ascardia  galli,  160 

Ascorbic  acid,  194,  317,  392,  393,  see  also 
Vitamin  C, 

as  growth  factor,  165-167,  170-171 
deficiency,  580-581,  see  also  Scurvy 
in  tyrosine  metabolism,  520-521,  568 
oxidation  of,  322,  576 
reaction  with  cytochrome  c,  217 
relation  to  folic  acid,  568-570,  578 
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requirement,  579-580 
trace  elements  and,  400,  408,  454,  455, 
541-542 

Ascorbic  acid  oxidase,  325,  392,  440 
Ascorbone,  579 
Asparaginase,  275 
Asparagine,  171,  275 
Aspartic  acid,  155-156,  190,  385,  386 
Aspartic  deaminase,  397 
Aspergillus,  142,  260 
Atherosclerosis,  528,  531,  582 
Atmungsferment  313-317,  see  also  Cyto¬ 
chrome  Oxidase 
Attangenus,  192 
Aureomycin,  159 

effect  on  vitamin  nutriture,  157-158 
Autotrophs,  276 
Azide,  313,  320 
Azoiohacter,  291 

B 

Bacillus  coli,  133,  155,  571  see  also  Es¬ 
cherichia  coli 
Bacitracin,  158 
Bacteriophage,  220 
Balantidium  coli,  135 
Barium,  427 
Benzidine,  4 
Benzoic  acid,  380 
Benzoquinone,  323 
Benzoylargininamide,  251,  252,  253 
Benzoylarginine,  251 
Benzoylarginine  amidase,  15 
Benzoylcholine,  248 
Benzoyl  tyrosinamide,  255,  257 
Benzoyl-L-tyrosine,  255 
Benzoyl-L-tyrosylglycine  amide,  252, 
255,  257 

Beriberi,  10,  60-63,  79,  50&-509,  553  see 
also  Thiamine  Deficiency 
Betaine,  565 
Bicarbonate,  535 
Bile,  551 

excretion  and,  402,  445 
Bile  salts,  527,  529 
effect  on  lipases,  246,  274 
Bilirubin,  571,  572 
Biliverdin,  319 
Biocytin,  396 

Biosynthesis,  by  phosphorolytic  en¬ 
zymes,  233 


coenzyme  A  in,  224-227 
energy  utilization  in,  223-229 
Biotin,  142,  179,  191,  192,  193,  330,  331 
deficiency,  structural  changes  in, 
73-74,  567 

influence  on  enzymes,  396-397 
in  germ-free  animals,  130,  131 
sparing  by  citrulline,  190 
Bisulfite,  338 
“Black  tongue,”  69 
Blood,  amino  acids  in,  519-520 
coagulation,  411,  551-552 
lipids  in,  528 

minerals  in,  412-413,  435-438,  470-471, 
479-482 

vitamins  and,  68,  82,  545,  574-575,  576- 
577 

Bone,  effect  of  parathyroid  hormone  on, 
419 

manganese  and,  460,  462-463,  465,  467 
structure  of,  413-414 
vitamins  and,  44-45,  57-59,  66,  68-69, 
75, 77-79, 80,  83-86, 89-92, 97-98, 99, 
545-546,  549-550,  578 
Boron,  175,  427,  501,  533 
Bradycardia,  59 

British  Anti-Lewisite,  391,  see  also  2,3- 
Dimercaptopropanol 
Bromelin,  255 
Bromine,  262,  427,  429 
chlorine  replacement  by,  491 
distribution  and  sources,  490-492 
in  mental  disease,  492 
thyroid  and,  492-493 
Bronchiectasis,  46 
Buffers,  241,  247 
Butyribacterium  retgerii,  394 
Butyric  acid,  144,  149,  457 
absorption,  147 

formation  of,  137,  143,  146,  226 
in  acetyl-coenzyme  A  formation,  377 
isomers  in  rumen,  147 
phosphorylation  of,  353 
n-Butyrylcholine,  247 

C 

Cadmium,  252,  427,  474 
Caecum,  in  “germ-free”  state,  130 
microorganisms  in,  129,  135,  151-152, 
154 

starch  digestion  in,  142 
Caffeine,  343 
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Calciferol,  193,  548,  see  also  Vitamin  D. 
Calcification,  effect  of  vitamin  C  on,  94- 
95 

initiation  of,  414 

Calcium,  103,  175,  252,  497,  521,  533,  535 
absorption  of,  415-418,  538 
deficiency  symptoms,  539 
distribution,  411-412 
effect  on  adenosine  triphosphatase,  281  - 
282 

excretion  of,  156,  418,  538-539 
functions  of,  411,  538 
in  blood,  412-413 
in  bone,  96,  413-414 
requirements,  423,  537-538 
salts,  5,  6,  10,  414,  415,  416 
Calcium-phosphorus  ratio,  400,  538 
effect  on  absorption,  415 
effect  on  manganese,  462,  466 
Canaline,  276 
Canavalia  ensiformis,  276 
Canavanine,  275,  276 
Candida  albicans,  157 
Capillaries,  in  bone  formation,  97-98 
in  scurvy,  82-83,  578 
Capryl  alcohol,  222 
1-Caprylyl  glycerol,  245 
Carbohydrases,  232,  233,  257-266,  411 
Carbobenzoxy-L-glutamyl-L-tyrosine, 
252,  253 

Carbobenzoxy-L-phenylalanine,  254 
Carbohydrates,  177,  205  507,  508,  514, 
517,  519 

biosynthesis  of,  229 
caloric  yield  of,  510 
functions  of,  524-525 
in  human  nutrition,  523-526 
metabolism,  153 
abnormalities  in,  525-526 
in  pantothenic  acid  deficiency,  75 
requirement  for,  192,  194 
Carbon  dioxide,  147,  148-149,  153,  154 

1 - Carbon  fragments,  567-568 

2- Carbon  fragment,  17,  18,  297,  514,  519, 

529 

formation,  16,  218,  226,  227 
identity  of,  209-210 
4-Carbon  fragments,  529 
Carbonic  anhydrase,  467,  470-471,  473 
475 

Carbon  monoxide,  311, 314-317, 322 
Carbon  tetrachloride,  7 


Carboxylase,  359,  369 
Carboxypeptidases,  254 
in  end-group  assays,  243 
inhibition  of,  239,  254 
pancreatic,  244,  254 
specificity  of,  251,  253 
Caries,  494-496 
Carnitine,  191 
Carotene,  24,  544 
Carotenoids,  21,  22 
Cartilage,  vitamins  and,  44,  81 
Casein,  148,  175 

Catalase,  307,  309,  310,  318-321,  398,  541 
components  of,  319 
functions  of,  306,  320-321,  347 
localization  of,  7,  13,  15,  16 
trace  elements  and,  440-441,  474 
Cataract,  68 
Catechol,  323 
Cathepsins,  252-254 
Cellobiase,  263 
Cellobiose,  264 

Cells,  enzymes  in,  3,  4-5,  6-7,  10,  11-12 
Cellulase,  136 

Cellulose,  composition  of,  263 
digestion  of,  134, 136,  139,  140-142,  14fi- 
146,  154 

fermentation  products  of,  141 
occurrence  in  animals,  263 
Cellulose  acetate,  141 
Cephalin,  249 

Cereals,  rachitic  effect  of,  415-416 
Cerium,  427 
Ceroid,  103 
Chaos  chaos,  21 
Chastek’s  disease,  63 
Chitinase,  264 
Chitobiase,  264 
Chitobiose,  from  chitin,  264 
Chloramphenicol  (chloromycetin) ,  157- 
158 

p-Chloranilidophosphoric  acid,  9 
Chlorides,  175,  262 
Chlorine,  533,  535 
bromine  rej)lacement  by,  491 
Chloroform,  4,  17 

Chloromycetin,  see  Chloramphenicol 
Cholesterol,  103,  193,  194  ,  247  ,  528  ,  530 
532,  566 
absorption,  527 

as  growth  factor,  169-170,  173,  191 
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in  atherosclerosis,  531-532 
synthesis  of,  529,  530 
Cholesterol  esterase,  248-249 
Cholesteryl  butyrate,  249 
Choline,  173,  179,  193-194,  454,  465,  530, 
532,  552,  568,  569,  575 
acetylation  of,  370 
deficiency,  73,  565 
excretion  of,  566 
functions  of,  565 
in  human  nutrition,  521,  565-566 
in  pantothenic  acid  deficiency,  76 
Cholinesterases,  distribution  of,  247 
localization  of,  11-12 
specificity  of,  247 
Choline  oxidase,  578 
Chondrodystrophy,  465 
Chondroitin-sulfuric  acid,  81,  97 
Chromium,  427 
Chromosomes,  26 
Chylomicrons,  531-532 
Chymotrypsin,  253,  255 
activation  of,  243-244 
forms  of,  244 
hydrolysis  of,  254 
inhibition  of,  248 
in  peptide  formation,  256,  257 
specificity  of,  251,  252 
Chymotrypsinogen,  activation  of,  243- 
244 

hydrolysis  of,  254 

Ciliates,  in  digestive  system,  134-139 
Citric  acid,  16,  254,  370,  376,  538 
asymmetry  of,  209 
effect  on  calcium  absorption,  417 
formation  of,  209,  374 
in  fatty  acid  oxidation,  218 
in  nitrate  reduction,  149 
Citric  acid  cycle,  see  Tricarboxylic  Acid 
Cycle 

Citrovorum  factor  (Leucovorin,  Folinic 
acid),  180,  567,  568,  569-570,  578 
Citrulline,  176,  190,  274,  397 
Clostridium  butylicum,  367 
Clostridium  hutyricum,  142,  143 
Clostridium  kluyveri,  214  ,  298,  299 
coenzyme  A  and,  373,  377,  380 
fatty  acid  synthesis  in,  226 
soluble  enzymes  from,  222 
“Coast  disease,”  441,  449 
Cobalt,  3,  5,  175,  241,  252,  275,  427,  428, 
429  ,  474  ,  544 


absorption  of,  452 
deficiency,  441,  449-450 
distribution  in  body,  451-452 
effect  in  anemia,  439 
in  nutrition,  448-458,  453-454,  533 
mode  of  action  of,  455-458 
occurrence  of,  448 
replacement  by  nickel,  458-459 
Cocarboxylase,  15,  179,  225,  328,  329-330, 
359,  360,  376,  377 
Codecarboxylase,  382,  384 
Coeliac  diasese.  See  Steatorrhea 
Coelotrichomastix  convergus,  169 
Coenzyme  A,  76,  331,  396 
acetoacetyl,  226 

acetyl,  218,  228,  298,  354,  364,  367,  374- 
375,  377,  392,  514,  519,  554 
formation  of,  375-381 
isolation  of,  225 
acyl,  228,  298,  379-381 
amino  acid  complexes,  228 
assay  of,  373-374 
chemistry  and  structure,  371-372 
fatty  acid  complexes,  227 
functions  of  209-210,  370 
in  biosynthetic  reactions,  224-227,  228, 
380,  381 

in  energy  transfer,  205 
in  mitochondria,  15 
isolation  of,  370-371 
mechanism  of  action,  374-375 
phosphorolysis  of,  283 
regeneration  of,  376 
relation  to  thiamine,  363 
succinyl,  215,  225,  379,  381 
Coenzyme  A  pyrophosphate,  378-379 
Coenzyme  I,  see  Diphosphopyridine  Nu¬ 
cleotide 

Coenzyme  II,  see  Triphosphopyridine 
Nucleotide 

Coenzyme  factor-  see  Diaphorase 
Coenzymes,  510 
classification  of,  330-331 
composition  of,  329 
definition  of,  327-328 
dissociation  of,  328-330 
in  cyclophorase  system,  221 
specificity  of,  330 
Coleoptera,  192-194 

Collagen,  effect  of  vitamin  C  on,  82-83, 
88-89,  92-94,  578 
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Colon,  microorganisms  in,  129,  135,  151- 
152,  154 

pectin  digestion  in,  144 
Colpoda,  179,  187 
Condensing  enzyme,  376,  378 
Connective  tissue,  in  scurvy,  82-83,  578 
Constipation,  155 
Coordinate  bonds,  275 
Copper,  175,  363,  385,  391,  427,  428,  461, 
462,  497,  553 
deficiency,  441-443 
distribution  in  body,  431-434 
effect, 

of  molybdenum  on,  446-448 
on  nerve  tissue,  429 
functions  of,  439,  440-441 
in  blood  proteins,  430 
in  human  nutrition,  444-445 
in  milk,  438-439 

nutritional  significance  of,  430-448 
requirement,  543 
Copper  enzymes,  322-325 
Coprophagy, 151-152 
Cornea,  48-50 
Corticosteroids,  28 
Cortisone,  75-76,  525 
Corynebacterium  diphtheriae,  317,  318 
Cotransaminase,  382 
Cozymase,  174,  545,  See  also  Diphos- 
phopyridine  Nucleotide 
Creatin,  352,  566,  568 
metabolism,  in  vitamin  E  deficiency, 
102-103 

Creatin  phosphate,  201,  281 
Cretinism,  540 
Crude  fiber,  154 
Cryptocercus,  263 
Cutin,  140 

Cyanide,  254,  320,  325,  338 

effect,  on  enzymes,  244,  323 
on  mitochondria,  17 
on  respiration,  301 
poisoning,  flavoproteins  in,  347 
reaction  with  cytochrome  c,  312-313 
Cyclohexane,  7 
Cyclophorase,  220-221 
Cycloposthium,  138 

Cysteine,  165,  171,  176,  177,  250,  252,  253 
361,390,391,393 
cobalt  and,  455 
effect  on  enzymes,  244 
in  porphyrin  c,  312 


Cysteinylglycine,  393 
Cystine,  190,  250  443  ,  455,  517 
Cytidine,  184,  283 
deamination  of,  277 
Cytidine  deaminase,  184 
Cytidylic  acid,  184,  185 
Cytochrome  a,  311,  313-314,  318,  see  also 
Cytochrome  Oxidase 
Cytochrome  a,2,  314 
Cytochrome  as,  311,  314 
Cytochrome  b,  314 
in  oxidation  of  succinic  acid,  317-318 
relation  to  cytochrome  c,  313 
Cytochrome  b2,  318 

Cytochrome  c,  211,  301,  302,  303,  306,  311, 
318,  336,  345,  363,  391 
endogenous,  15,  16,  313 
in  oxygen  uptake,  313 
isolation  of,  311-312 
oxidation,  217 

reaction  with  xanthine  oxidase,  308 
reduction  of,  303 

Cytochrome  oxidase,  5,  16,  313-317,  318, 
347 

copper  ip,  440-441 

in  blood  cell  development,  3 

in  scurvy,  80 

localization  in  cells,  2-3,  13,  14,  15,  21, 
219,  220 

Cytochrome  reductase,  15,  301,  303-304, 
305-306,  313,  347 

Cytochromes,  2-3,  16,  287,  310,  311-318, 
321,  340,  398,  541 

absorption  spectra  of,  311,  312,  314 
“Cytoflav,”,  341 
Cytosine,  184,  266 
Cytosine  deaminase,  184,  277 

D 

Deaminases,  232,  276-277 
Decarboxylases,  244,  383 
Decarboxylation,  331 
Dehydroascorbic  reductase,  392 
7-Dehydrocholesterol,  193,  548 
Dehydrogenases,  331,  332 
assay  of,  292 

coenzyme  specificity  of,  292-293 
Delta  factor,  552 

Dermatitis,  in  vitamin  deficiency  71 
558,561  ’ 

Dermatosis,  in  nutritional  deficiency.  73^ 
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Dermestes  vulpinus,  193 
Desamino  thiamine,  see  Oxijthiamine 
Desoxypyridoxine,  558,  564 
Desoxyribonuclease,  products  of  action, 
270 

Desoxyribonucleic  acid,  76,  102,  268,  568 
composition  of,  266 
hydrolysis  of,  267 
in  nuclei,  13 

Desoxyribose-l-phosphate,  283 
Detergents,  161 
Deuterohematin,  321 
Dextran,  258,  260 
Dextrins,  259,  260 

effect  on  intestinal  microorganisms, 
153 

“limit,”  261-262,  263 
Diabetes,  526,  529-530 
Diacetyl,  364,  366 
Diacetyl  mutase,  366 
Diamine  oxidase,  347 

2.4- Diamino-5-formylamino-6-hydroxy- 

pyrimidine,  182 

2,6-Diaminopurine,  183 
Diaphorases,  302,  304,  318 
functions  of,  347 
reactions  of,  301,  302-303 
Diarrhea,  154-155,  424 
Diastase,  18 
Dibenzanthracene,  22 
Dichlorophenol  indophenol,  25 
Dicourmarol,  552 
Diethyldithiocarbamate,  323,  325 
Diethylstilbestrol,  73-74,  422,  531 
Diformazan  pigment,  3 
Digestion,  chemistry  of,  271-274 
effect  on  iron  in  food,  400 
sites  of,  272-274 

Digestive  juices,  effect  on  microorgan¬ 
isms,  149 

in  water  balance,  534 
Dihydroxyacetone  phosphate,  297 
Dihydroxymaleic  acid,  321-322 
Dihydroxyphenylalanine  (Dopa),  323, 
324,  325 

3 . 4- Dihydroxypheny  lalanine  decarbox¬ 

ylase,  385 

3. 4- Dihydroxypheny Ipyruvic  acid,  4 
Diiodotyrosine,  250,  478-479,  482,  484, 

540 

Diisopropylfluorophosphate,  248 


h , 8-Dimercaptooctanoic  acid,  see  Thioc- 
tic  Acid 

2.3- Dimercaptopropanol,  see  also  British 

Anti-Lewisite 

effect  on  cytochrome  reductase,  305- 
306 

in  oxidation  of  succinic  acid,  317-318 
p-Dimethylaminobenzene,  16 

6.7- Dimethylisoalloxazine,  343 
Dimethyl-p-phenylene  diamine,  313 

6.7- Dimethyl-9-ribityl-isoalloxazine,  see 

Riboflavin 
Dimethylribose,  267 
Dinestrol,  422 
Dinitrofluorobenzene,  243 

2 . 4- Dinitrophenol , 

effect,  on  amino  acid  incorporation, 
227-228 

on  fatty  acid  oxidation,  219 
on  phosphorylation,  214-215 
Dioxyphenylalanine,  4,  see  also  Dopa 
Dipeptidases,  253 
o-Diphenols,  324,  325 
1 ,3-Diphosphoglyceraldehyde,  206 
Diphosphoglyceric  acid,  206-207,  297,  331 
as  coenzyme,  355-359 
Diphosphopyridine  nucleotide,  (DPN), 
15,  16  ,  215  ,  287  ,  292  ,  293  ,  294,  302, 
318,  347,  350,  376,  377,  559-560 
absorption  spectra  of,  289-290 
binding  to  enzyme,  328,  329,  339 
coenzyme  A  and,  374,  377 
desamino,  292,  337 
formation,  8,  233-234 
in  adenosine  triphosphate  synthesis, 
354 

in  coupled  reactions,  339-340 
in  oxidations,  206,  219,  379 
isolation  of,  334 
oxidation  of,  215-217,  305-306 
phosphorylation  of,  353 
pyridone  of,  338 

reaction  with  enzymes,  217,  299,  301, 
303,  308,  309 
reduction  of,  216 
structure  of,  288,  332-334 
type  of  bonding,  294 

Diphosphopyridine  nucleotide-cyto¬ 
chrome  reductase,  313 
coenzyme  of,  305 
localization  in  cells,  15,  16 
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Diphosphothiamine,  360,  see  also^  Thi¬ 
amine  Pyrophosphate 
Diplodinium  rnaggii,  136 
Diptera,  nutrition  of,  189-192 
a,a'-Dipyrid\'l,  399 
Disaccharidases,  264-266 
Disease,  effect  on  energy  requirement, 
511 

Ditetrazolium  chloride,  3 
Dithizone,  470 
Dopa  oxidase,  4 
Drosophila,  179 

nutritional  requirements  of,  162-163, 
189-190,  191 


E 

hldema,  in  starvation,  515-516 
Electricity,  biological  production  of,  204 
Electron  transport,  338 
coenzymes  in,  318,  331 
in  respiration,  286-287 
phosphate  bond  formation  in,  351 
Electrophorus  electricus,  248 
Embrj'onic  development,  in  nutritional 
deficiency,  50,  54-55,  66,  6g-69,  76, 
100-101,  106-107,  546,  559 
Emulsin,  261 
Endamoeha,  172-173,  186 
Endocrine  glands,  in  vitamin  deficiency 
55,  64,  69,  70 
Endopeptidases,  250 
Energy,  change  in  reaction,  199-200 
in  phosphorolysis,  283 
requirement,  510-511 
transfer,  511-514 

utilization  for  biosynthesis,  223-229 
Enolase,  13,  497 
Enol  phosphate,  202,  216-217 
Enol  phosphop3rruvate,  conversion  to 
pyruvate,  207 
free  energy  of,  203 
Enterokinase,  243 
Entropy,  199 
Enzootic  ataxia,  441 
Enzootic  marasmus,  459 
Enzyme,  510,  514,  539 
activation,  6,  243-244,  327-328 
classification  of,  232-234 

"""  ••eaction,  234, 

denaturation  of,  242 
hydrolytic,  244 


inhibition  of,  238-240 
kinetics  of,  234-238 
localization  in  cells,  1-21 
nucleolytic,  266-271 
phosphorylation  of,  354-355 
properties  of,  231,  241-243 
specificity  of,  244-245,  330 
trace  elements  and,  429 
Enzj'me-substrate  complex,  235 
Ephestia,  194 

Epithelia,  vitamin  A  and,  45-47,  545,  546 
Equilibrium  constant,  199,  237-238 
Ergosterol,  193,  548 
Ergot,  55 

Escherichia  colt,  182,  187,  277,  283,  359, 
376,  377,  378 

glucose  utilization  by,  272 
in  acetyl-coenzyme  A  formation,  377 
tryptophan  decomposition  by,  383 
Esterases,  233,  245-250 
effect  of  fluorine  on,  497 
localization  of,  8,  11,  13,  16 
reactions,  232 
free  energy  of,  231 
specificity  of,  245,  247 
Ester  bond,  energy  requirement,  223-224 
Estradiol,  422,  538,  558 
Estrogens,  effect  on  bone,  97,  422 
vitamins  and,  54,  92 
Ethanol,  303 

oxidation  by  catalase,  320,  321 
Ether,  4 

Ethyl  acetate,  246 
Ethyl  butyrate,  246,  251 
Ethylene  diaminetetraacetic  acid 
(EDTA),  175 
Etiglena  gracilis,  571,  574 
Euplotes  patella,  187 

Exercise,  effect  on  energy  requirement, 
510 

Exopeptidases,  250,  253,  254 
Extrinsic  factor,  571,  572-573 
Eye,  in  vitamin  deficiency,  48-50  67-68 
73,  106,  545,  546,  558  ’  ’ 


F 


Factor  S.,  178 
Factor  V,  552 
“Falling  disease,”  442 
Fats,  47,  103,  205,  411,  507, 
517,  519,  551 
caloric  yield  of,  510 


508,  509,  514, 
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degradation  of,  208,  272 

effect  on  calcium  absorption,  416-417 

excretion,  154 

in  human  nutrition,  526-533 
in  liver,  521 
mobilization  of,  529 
requirement  for,  527 
synthesis  of,  18,  381 
utilization  for  energy,  529-530 
vitamins  and,  73,  103-104,  544 
Fatty  acid  oxidase,  18,  222 
Fatty  acids,  133,  141,  177,  232,  351,  370, 
519,  527,  538,  539 
acyl  phosphates  of,  224 
cholesteryl  esters  of,  249 
deficiency  of,  106-107 
fecal,  146,  156 

formation,  153,  154,  226-227,  353 
in  acetyl-coenzyme  A  formation,  377- 
378 

in  emulsion  formation,  274 
mechanism  of  absorption,  147 
metabolism  of,  528-529,  530,  563 
oxidation,  218-219  ,  220,  222 
peroxides  of,  3 
saturated,  249 
unsaturated,  72,  249 
Feces,  bacteria  in,  151-152 
minerals  in,  402,  416-417,  418,  484,  539, 
542 

vitamins  in,  563,  567,  574 
Ferric  ions,  see  Iron 
Ferri cyanide,  368 
Ferricytochrome  c,  313 
Ferritin,  399 
in  disease,  407 

in  iron  metabolism,  401-402,  406-407, 
542 

structure  and  chemistry,  406 
vasopressor  effect  of,  407 
Ferritin-apoferritin  system,  401 
Ferrocytochrome  c,  313 
Ferroprotoporphyrin,  403 
Ferrous  ions,  see  Iron 
Fibrinogen,  519 

Fibroblasts,  effect  of  vitamins  on,  44,  93 
Flagellates,  in  termites,  134 
nutrition  of,  164-172 
Flavin  adenine  dinucleotide,  (FAD),  287, 
307,  310,  331,  389,  558 
absorption  spectrum  of,  343 
assay  for,  345-346 


dissociation  of,  328,  329 
in  enzymes,  302,  303,  304,  306,  307,  308, 
309,  347 

in  oxidations,  217,  367 
in  tissues,  346 
isolation  of,  344 
structure  of,  342-343 
synthesis  of,  233,  234,  346 
Flavin  coenzymes,  340-347,  see  also  Fla¬ 
vin  Mononucleotide  and  Flavin 
Adenine  Dinucleotide 
mechanism  of  action,  344-345 
assays  for,  345-346 
general  functions  of,  340 
Flavin  enzymes,  335,  340 
Flavin  mononucleotide  (FMN),  287,  304, 
306,  307,  308,  331,  345,  558,  see  also 
Riboflavin  phosphate 
absorption  spectrum  of,  343 
fluorescence  of,  304 
in  enzymes,  301,  303,  347 
in  tissues,  346 
structure  of,  342-343 
synthesis  of,  344,  346 
Flavin  nucleotides,  293 
Flavins,  368,  377 
absorption  spectra  of,  343-344 
fluorescence  of,  343-344 
Flavoprotein  enzymes,  299-306,  558 
Flavoprotein  oxidases,  306-310 
Flavoproteins,  29,  292 
functions  of,  346-347 
reaction  with  oxygen,  299-300 
Fluorescence,  vitamins  and,  23-24,  29,  30, 
304,  343-344 

Fluoride,  3,  175,  212,  320 
Fluorine,  427,  429,  487,  533 
dental  caries  and,  494-496,  541 
distribution,  493-494 
effect  on  enzymes,  497-498 
retention  of,  497 
sources  of,  496-497 
thyroid  and,  498 
Fluoroapatite,  495 

Folic  acid,  191,  192,  193  ,  330  ,  342,  458, 
521,  527,  530,  552,  562,  565,  575,  see 
also  Pterolyglutamic  acid 
deficiency,  76,  568,  570 
excretion  of,  569-570 
functions  of,  567-569 
in  alimentary  tract,  29,  567 
in  germ-free  animals,  130-131 
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in  tyrosine  metabolism,  520,  568,  578 
relation  to  other  vitamins,  72,  568-569, 
578 

requirement,  567 

Folinic  acid,  see  Citrovorum  Factor 
Formaldehyde,  25 
Formic  acid,  76,  176,  183,  568 
exchange  with  pyruvate,  376 
in  methane  formation,  149 
4-Formylaminoimidazole-5-carboxam- 
ide,  182 

Formylkynurenine,  322 
Free  radicals,  302,  308,  338 
/3-Fructofuranosidase,  265 
Fructose,  177,  265,  281,  282,  523 
in  polysaccharides,  258 
metabolism  of,  526 
Fructose  diphosphate,  8,  9,  356 
Fructose-6-phosphate,  formation,  352 
;8-/i-Fructosidase,  265 
Fumaric  acid,  147,  310 
Fumaric  hydrogenase,  309-310,  347 

G 

Galactoisomerase,  387 
Galactokinase,  387 
Galactolipids,  387 
Galactose,  177,  523 
conversion  to  glycogen,  389 
formation  from  glucose,  387 
Galactose-1 -phosphate,  387,  389 
Galactosidase,  266 
Galactowaldenase,  387-389 
Galacturonic  acid,  273 
Gallates,  194 
Galleria  mellonella,  195 
Gastric  diverticulum,  142 
Gastric  juice,  129 
Gastroenteritis,  155 
Gelatin,  174,  175 
“Germ-free”  state,  130-131 
Glaucoma  scintillans,  179,  186 
Gliadin,  156 
Globin,  317,  403 
Globulins,  519,  528,  542 
metal-binding  by,  404,  412-413,  435 
D-Glucoascorbic  acid,  167,  170 
Glucoinvertase,  265 
Gluconeogenesis,  524 
Gluconic  acid,  294-296 
Gluconokinase,  296 
Gluconolactone,  294,  309 


6-(a-i>-glucopyranosyl)-i)-glucose,  259 
Glucosamine,  374 

4-Glucosamine-D-glucosaminide,  264 
Glucosan,  137 

Glucose,  16,  177,  194,  201,  212,  259,  263, 
264,  265,  272,  281,  350,  358,  519,  523, 
524,  539 
acceptors,  283 
assay  for,  309 
biosynthesis  of,  229 
conversion  to  galactose,  387 
effect  on  cobalt  requirement,  175 
fermentation,  207,  221,  353 
in  nitrate  reduction,  149 
in  nutrition  of  plasmodia,  174 
in  polysaccharides,  257-258,  263 
utilization  in  rumen,  137 
Glucose  dehydrogenase,  294-296 
Glucose  diphosphate,  331,  356,  390 
as  coenzyme,  355-359 
assay,  358 

chemical  synthesis  of,  357 
mechanism  of  action,  357-358 
structure  and  chemistry  of,  350-357 
Glucose  oxidase  (Notatin),  309 
Glucose-l-phosphate,  207,  272,  282,  283, 
356,  358,  359,  387,  388,  389 
enzymes  affecting,  8,  12 
hydrolysis  of,  280 
in  amylose  synthesis,  284 
in  transphosphorylation,  281 
Glucose-2-phosphate,  389 
Glucose-6-phosphate,  323  ,  341,  350,  358 
availability  of,  272 
formation,  352-353,  356-357 
hydrolysis  of,  280 
in  “trapping  system,”  212 
oxidation  of,  287,  336 
Glucose -6-phosphate  dehydrogenase, 

296,  304,  305,  335,  336  ,  341,  347’  see 
also  Zwischenferment 
Glucose  tolerance  test,  525-526 
^-Glucosidase,  245,  261,  266 
Glucuronic  acid,  (glycuronic  acid), 
detoxification  by,  524 
fermentation  by  microorganisms,  144 
Glucuronidase,  12 
Glucuronides,  148 

Glutamic  acid,  179,  190,  250,  354,  382 
385-386,  390,  393,  522,  563 
formation,  214,  379 
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in  feces,  155-156 
7-peptides  of,  256 
Glutamic  acid  decarboxylase,  385 
Glutamic  aspartic  transaminase,  385-386 
Glutamic  dehydrogenase,  15,  293,  294 
Glutaminase,  275 

Glutamine,  biosynthesis  of,  228,  229,  256, 
354,  355 

hydrolysis  of,  275 

reactions  of  amide  group,  228-229,  355 
Glutamylcysteine,  393 
Glutamyl -cysteinyl-glycine,  390,  391,  see 
also  Glutathione 
Glutamyltransphorase,  228-229 
a-L-Glutamyl-L-tyrosine  ethylester,  253 
Glutathione,  165,  331,  361,  371 
as  coenzyme,  390-393 
assays,  393 

biosynthesis  of,  228,  256 
cobalt  and,  455 
functions  of,  392 

in  enzyme  activity,  297,  363,  391-392 
in  transpeptidation,  228,  256 
metabolism  of,  393 
structure  and  chemistry,  391 
Glutathione  reductase,  391,  392 
Gluten,  156 

Glyceraldehyde,  339-340 
Glycerol,  249,  281,  527 
esterification  of,  227 
phosphorylation  of,  297,  353 
utilization  of,  297 
Glycerol  kinase,  297 
Glycerophosphatases,  7,  10,  20 
Glycerophosphate,  enzymes  affecting,  8, 
9-10 

in  lipid  formation,  298 
in  localization  of  phosphatases,  5 
Glycerophosphate  dehydrogenase,  297- 
298,  313 

Glycerylphosphorylcholine,  250,  279 
Glycinamide,  255 

Glycine,  170,  176,  183,  190,  250,  386,  393, 
568 

in  feces,  155-156 
in  synthetic  reactions,  380,  404 
synthesis,  in  mitochondria,  15 
Glycine  oxidase,  307 
Glycogen,  18,  47,  69,  72,  75,  80,  99,  106, 
177,  515,  524 

biosynthesis  of,  12,  136,  229,  233,  284, 
353 


composition  of,  258-259 
hydrolysis  of,  259,  261-262 
in  cell  fractions,  13,  19 
molecular  weight  of,  259 
phosphorolysis  of,  103,  282,  283 
Glycolysis,  524,  559 
coupled  reactions  in,  340 
reversal  of,  229,  353 
site  of,  16 
Glycoprotein,  53 
Glycosidases,  265 
Glycosides,  232,  264-265 
Glycylphenylalaninamide,  253,  257 
Glycyl-L-tyrosinamide,  253 
Glyoxalase,  390,  391,  392,  393 
Glyoxylic  acid,  277,  307 
Goiter,  endemic,  475-476,  478,  487,  539, 
540 

Goiter,  exophthalmic,  477,  484-485,  488 
Goitrogenic  substances,  in  food,  487-488 
Gold,  427 

Golgi  apparatus,  9,  10,  19,  99 
association  with  phosphatases,  6-7 
composition  of,  20,  26-28 
function  of,  20 
Gorcyra  cephalonica,  195 
Gonadotrophic  hormone,  52,  66 
Growth  hormone,  66 
Guanase,  8,  277 
Guanidino  phosphates,  202 
Guanine,  266,  268 
deamination  of,  277 
conversion  to  adenine,  183 
excretion  of,  278 
requirement  for,  182 
Guanine  desoxyriboside,  283 
Guanosine,  277,  283 
Guanylic  acid,  185,  277 

H 

Heart,  411 

in  nutritional  deficiency,  59-60,  105- 
106,  442,  555-556 
Helix,  263,  264 

Ilematin,  as  nutritional  requirement, 
164-165 

in  enzymes,  319,  321 
relation  to  turacin,  430 
Hematopoiesis,  trace  elements  in,  436- 
437,  439-440,  448-449,  450 
vitamins  and,  76,  568,  569,  571-572 
Hematoporphyrin,  312 
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Hematuria,  71 
Heme,  310,  312,  403-404 
Hemicellulose,  141 
Hemin,  317,  321 
Hemochromogens,  302 
Hemocuprein,  435 
Hemocyanin,  430 
Hemofuscin,  103 

Hemoglobin,  253,  310,  321,  402,  455,  458, 
519,  541,  542,  543 
in  iron  absorption,  402 
in  nucleus,  7 
life  of,  399 
sex  differences  in,  404 
structure  and  chemistry  of,  403 
sjmthesis  of,  403-404 
Hemoprotein,  303,  304 
Hemoprotein  enzymes,  310-322 
Hemosiderin,  75,  401,  542 
in  disease,  407,  408 
in  iron  storage,  407,  409 
Heparin,  528,  532 
Hexitans,  10 

Hexokinase,  273,  281,  353 
in  adenosine  triphosphate  assay,  350 
in  “trapping  sj-^stems,”  212 
Hexosamines,  264 
Hexose  diphosphate,  3 
Hexose  monophosphate,  304,  305,  323, 
348,  349 

Hippuric  acid,  228,  255,  256,  380 
Hippuric  amide,  256 
Hippuric  anilide,  256 
Histamine,  374 
Histidase,  277 

Histidine,  170,  176,  192,  386,  455,  517,  568 
in  globin,  403 
inhibition  by,  239 
Histohematin,  311 
Holoenzyme,  328 
Homocystine,  176 
Homogenates,  12-21,  211 
Hyaluronidases,  264,  579 
Hydrochloric  acid,  571 

effect  on  mineral  absorption,  400  417 
541-542 

Hydrogen,  formation  in  digestive  sys¬ 
tem,  148-149,  153 
Hydrogenases,  287 
Hydrogen  bromide,  312 
Hydrogen  ion  concentration,  279,  280 


effect  on  enzymes,  241 
on  iron  transport,  404 
H3^drogen  peroxide,  300,  302,  306,  307, 
309,  310,  325,  347,  368 
decomposition  of,  318-322 
effect  on  thiamine  pyrophosphate,  361 
in  ethanol  oxidation,  320 

t  ' 

peroxidase  and,  321,  322 
Hydrogen  sulfide,  153-154 
a-Hydroxy  acids,  307 
3-Hj'-droxyanthranilic  acid,  560 
/3-Hydroxybutyrate  deh^^drogenase,  216 
/J-Hj'droxy butyric  acid,  215,  530 
Hydroxylamine,  228-229,  378,  392 
6-Hydrox3'phenylpyruvic  acid,  4 
Hydrox3^phen3duria,  520 
Hydroxyproline,  190 
8-Hydroxyquinoline,  175,  325 
8-Hydroxyquinoline  glucuronic  acid,  12 
Hydroquinone,  317 
Hydrox3^tyramine,  4 
H3^percholesteremia,  531,  533 
H3q)erglobulinemia,  412 
Hyperlipemia,  528 

Hyperthyroidism,  480-481,  484,  488,  511, 
538,  540,  579 

Hypervitaminosis  A,  58-59,  546 
H3’-pervitaminosis  D,  550 
H3'pochlorhydria,  400,  417 
H3'poglycemia,  524 
Hypothyroidism,  480-481,  484 
Hypoxanthine,  182,  191,  277,  308,  309 
H3'poxanthine  desoxyriboside,  283 

I 

Ileocaecal  valve,  153 
Inanition,  72 
Indole,  383,  387 
formation  in  intestine,  154 
in  tryptophan  synthesis,  383,  386 
“Indophenol  oxidase,”  3,  313 
Indoxyl  acetate,  12 
Infection,  resistance  to,  155-156 
vitamin  C  in,  579 
Infusoria,  nutrition  of,  174-187 
Inhibition,  by  reactants,  240-241 
competitive,  239 
non-competitive  239-240 
of  enzymatic  reactions,  238-240,  270 
Inorganic  pyrophosphatase,  279 
Inosine,  283 

Inosine  triphosphate,  281 
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Inosinic  acid,  350 
Inositol,  173,  191,  465,  532,  552 
amylase  and,  244 
functions  of,  566 
Insects,  nutrition  of,  189-196 
Insulin,  448,  525,  530 
effect,  in  pantothenic  acid  deficiency, 
75 

on  glucose  diphosphate,  358 
fraction  B,  251,  252 
hydrolysis  of,  250,  254 
metals  and,  459,  474-475 
Inositol  hexaphosphoric  ester,  see  Phytic 
Acid 

Intrinsic  factor,  571,  573-574 
Invertase,  action  kinetics  of,  234 
specificity  of,  265 
transglycosidase  activity  of,  266 
Iodine,  262,  427,  428,  429 
antagonism  to  arsenic,  499 
color  reactions  with  polysaccharides, 
258 

distribution  in  body,  477-478 
effect  on  mineral  metabolism,  421 
excretion  of,  540 
functions  of,  475 

in  thyro-active  materials,  476-477 
in  thyroid  gland,  478-479 
metabolism  of,  483-485 
radioactive,  483-485,  540 
requirement,  485-487,  539-540 
sources  of,  488-490 
lodoacetic  acid,  3 
effect,  on  dental  caries,  496 

on  diphosphopyridine  nucleotide, 
337 

on  muscle,  201 

Iron,  99,  175  385,  391,  444,  453,  461,  462, 
466,  497,  533 

absorption  of,  399-402,  541-542 
blood  and,  403-405,  439 
deficiency,  408-409 
distribution  in  body,  399,  406-408 
effect  on  toxin  production,  318 
excretion  of,  156,  402-403,  542 
fate  of,  399 
functions  of,  541 
in  enzymes,  310 
in  vitamin  E  deficiency,  100 
requirement,  165,  543 
storage  of,  406-407 
Iron  oxide,  saccharated,  408-409 


Isoamylase,  262-263 
D-isoascorbic  acid,  167,  170 
Isocitric  acid,  305 

Isocitric  dehydrogenase,  16,  293,  299,  305 
Isoguanine,  183 

Isoleucine,  170,  176,  190,  192,  386,  517 
Isomaltose,  259-260 
Isophosphorylase,  283-284 

K 

Kappa  factor,  552 
Keratin,  278 
Keratinization,  443 
Ketene,  362 

a-Keto  acid  dehydrogenase,  294 
Keto  acids,  346,  384-385,  396,  554 
decarboxylation  of,  359,  362 
formation  of,  224 
2-Ketogluconic  acid,  296 
a-Ketoglutaric  acid,  382 
dismutation,  214,  379 
in  coenzyme  A  assay,  374 
in  thiamine  deficiency,  179 
in  transamination,  386 
in  tricarboxylic  acid  cycle,  209 
oxidation,  15,  213,  216,  396 
reaction  with  pyridoxamine,  385 
reductive  carboxylation  of,  299 
a-Ketoglutaric  dehydrogenase,  298 
a-Ketoglutaric  oxidase,  379 
Kidneys,  effect  of  parathyroid  hormone 
on,  419 

in  nutritional  deficiency,  50,  70,  73, 107, 
565 

in  water  balance,  534 
Kinetics,  first  order,  234 
of  hydrolysis,  234-238 
zero  order,  237 

Krebs  cycle,  see  Tricarboxylic  Acid  Cycle 
Krebs-Henseleit  cycle,  274 
Kynurenine,  560 

L 

Laccase,  324-325 
Lactation,  423,  518 

Lactic  acid,  143,  201,  205,  318,  350,  368, 
376,  392,  393 

effect  on  rumen  ciliates,  135 
in  coupled  reaction,  339-340 
in  nitrate  reduction,  149 
in  thiamine  deficiency,  554 
formation,  137,  146,  153,  207,  391 
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in  carbohydrate  synthesis,  229 
oxidation  of,  210-211 
Lactic  dehydrogenase,  14,  293,  318,  339, 
350 

Lactobacilli,  131-132 
Lactobacillus  acidophilus,  effect  on  carbo¬ 
hydrates,  153 

Lactobacillus  arabinosus,  293 
Lactobacillus  bifidus,  in  intestine,  131, 
132,  155 

Lactobacillus  delbrueckii,  pyruvic  oxidase 
of,  367 

Lactobacillus  leichmannii,  in  vitamin  B12 
assay,  571,  574 
“Lactochrom,”  341 
Lactoperoxidase,  322 
Lactose,  143,  177,  538 
effect  on  intestinal  flora,  131-132,  153, 
155 

formation,  387,  389 
Lactyl-glutathione,  392 
Lasiderma  serrecorne,  192,  193 
Lathyrus  odoratus,  448 
Lauroyl  choline,  11 
Lead,  427,  429 
Lecithin,  191,  192,  249,  527 
enzymes  affecting,  8 
in  nutrition  of  fruit  fly,  191 
Leishmania,  164,  165,  167,  186 
Lepidoptera,  nutrition  of,  194,  196 
Leptomonas,  167 
Leucine,  170,  176,  192,  517 
in  feces,  155-156 
in  transamination,  386 
oxidation  of,  307 
Leucine  amidase,  15 
Leucineaminopeptidase,  253 
Leucoflavoprotein,  303,  308 
Leucylvalyltyrosylleucyl,  251 
Leucocytes,  4 
Leucoflavin,  28 
Leuconostoc  dextranicum,  260 
Leucovorin,  see  Citrovorum  Factor 
Lignin,  140,  145 
Limnoea,  22,  263 
Linoleic  acid,  107,  171,  194,  527 
Linolenic  acid,  527 
Lipase,  7,  274,  see  also  Esterase 
activation  energy  of,  242-243 
effect  of  fluorine  on,  497 
localization  of,  10-11,  13 
pancreatic,  245-247  ,  527 


pH  optima  of,  246 
specificity  of,  245 
Lipids.  582 

in  gall  bladder  disease,  532-533 
in  hypervitaminosis  A,  59 
localization  in  cell,  13,  16,  20,  529 
in  vitamin  deficiency,  57,  64,  72,  75 
synthesis  of,  18 

a-Lipoic  acid,  298,  359,  368,  369,  394,  554, 
see  also  Acetate  Factor,  Protogen, 
Pyruvate  Oxidation  Factor,  Thi- 
octic  Acid 

Lipoproteins,  528,  532 
Lipothiamide,  363,  369,  396,  553-554 
Lipothiamide  pyrophosphate,  298,  393 
Lithium,  427 
Liver,  copper  in,  431-433 
disease, 

choline  and,  565 
fat  in,  530 
inositol  and,  566 

in  vitamin  deficiency,  47,  69,  72,  73,  82, 
106,  565 

phospholipids  in,  530 
Lucilia  sericata,  191 
“Lumichrom,”  343 
“Lumiflavin,”  341 
Lungs,  107 

Lymphatic  system,  in  “germ-free”  state, 
130 

Lymphoid  cells,  48 

Lysine,  155-156,  170,  176,  177,  192,  251, 
275,  386,  517 
peptides,  251,  256 
Lysine  decarboxylase,  385 
Lysolecithin,  formation,  249 
hydrolysis  of,  249-250 
Lysozyme,  hydrolysis  of,  254 
in  xerophthalmia,  48 

M 

Maclra,  263 

Magnesium,  175,  207,  211,  359,  370,  376, 
377,  497,  533,  535 

effect  on  adenosinetriphosphatase 
281-282 

effect  on  calcium  absorption,  417-418 
in  bone,  414 

in  enzyme  activity,  254,  270,  280,  362 
Malacosoma  neustria,  194 
Malic  acid,  147 
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decarboxylation  of,  293 
in  nitrate  reduction,  149 
Malic  dehydrogenase,  16,  293 
Malic  enzyme,  293 
Maltase,  265 
Maltose,  177,  259,  265 
conversion  to  isomaltose,  260 
formation,  259,  260,  262 
utilization,  272 
4-(a-maltosyl)-D-glucose,  259 
Maltotriose,  259,  284 
Maltulose,  258 

Manganese,  175,  252,  270,  275,  362,  376, 
427,  428,  497,  533 
deficiency,  462-467 

dietary  requirement  for,  460,  462-467 
distribution  in  body,  460-462 
effect  on  bone  formation  429 
excretion  of,  464-465,  466-467 
Mannitol,  149 

Mannose-1 ,6-diphosphate,  358 
Mannose-1 -phosphate,  358 
Mannose-6-phosphate,  358 
Mannosidases,  266 
Melanin,  4-5,  190,  324,  443 
Melanoblasts,  4 
Melanoma,  325 
Melanophores,  4 
Mellibiose,  265 
Melizitose,  265 
j8-Mercaptoethylamine,  371 
Merthiolate,  188 
Mesohematin,  321 
Metabolism,  basal,  507 
dynamic  state  of,  197-199 
thermodynamic  considerations,  199- 
201 

Metalloporphyrins,  328 
Methane,  148-149,  153 
Methemoglobin,  321,  455 
Methemoglobinemia,  149 
Methionine,  73,  170,  176,  177,  192,  250, 
252,  455,  517,  530,  565,  575 
effect  on  urea  utilization,  150 
in  human  nutrition,  521 
in  transamination,  386 
peptides,  256 

Methionine  isopropyl  ester,  256 
Methopterin,  180 
Methylamine,  307 
3-Methylascorbic  acid,  167 
Methyl  butyrate,  249 


Methylcellulose,  141 
Methylene  blue,  301,  302,  306,  308 
in  oxidation  of  succinic  acid,  317 
reaction  with  diaphorase,  303 
reduction,  293 
Methylene  violet,  310 
Methyl  glyoxal,  391,  393 
Methyl  groups,  565,  569 
N'-Methylnicotinamide,  520,  559 
pyridone,  520,  559,  560,  562 
9-Methylpteroylglutamic  acid,  see  Meth¬ 
opterin 

Methyltestosterone,  422 
Microorganisms,  cellulase  in,  263 
intestinal,  131-134,  152-155,  454 
beneficial  effect  on  host,  139-140 
carbohydrate  digestion  by,  140-143 
cobalt  and,  450,  455-458 
fate  of,  149-152 
in  insect  nutrition,  189 
localization,  132 
occurrence,  128-129 
protein  quality  of,  150 
vitamin  synthesis  by,  152,  566-567 
vitamin  Be  and,  563 
Microsomes,  313 

association  with  mitochondria,  19 
composition  of,  16,  220 
isolation  of,  14 

Milk,  trace  elements  in,  438-439,  452-453, 
471-472,  482-483 

Mitochondria  13,  64,  69,  313,  514 
biosynthetic  functions  of,  18,  19 
components  of,  4,  10-11,  14-20,  21,  220, 
329 

in  oxidative  phosphorylation,  219-223 
in  respiration,  17,  208,  378 
isolation  of,  14 
vitamins  and,  22,  81 
Molgula,  263 

Molybdenum,  175,  427,  443,  446-448 
Monoglycerides,  274 
Monohydroflavin,  344 
Monohydropyridine  nucleotide,  338 
Monoiodotyrosine,  478-479 
Monomethylribose,  267 
Monophenols,  324,  325 
Monophosphate  shunt,  524 
“Morton  Mains,”  459 
Mucopolysaccharides,  264 
definition,  264 
in  scurvy,  80,  89 
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Mucoproteins,  387 
Mucus,  264 
Muscle,  411 

effect  of  potassium  on,  536-537 
energ}'  storage  in,  352 
in  vitamin  deficiency,  74,  81-82,  102- 
103 

Muscular  dystrophy,  102,  566 
Mushroom  polyphenol  oxidase,  323-324 
My  a,  263 

Myelin,  in  nutritional  deficiency,  56,  57, 
62-63,  442 
M3'Ogen  A,  297 

Myoglobin,  7,  321,  398,  399,  541 
Mjmkinase,  action  of,  282,  348 
in  mitochondria,  15 
Myosin,  281,  478 
Myristo^d  choline,  11,  12 
Myxedema,  476 

N 

“Nadi  oxidase,”  3,  313 
a-Naphthol,  2,  313 
Naphth\’l  esters,  11 
N eoaplectana  glaseri,  189 
Neoarsphenamine,  500 
Neomycin,  160 

Nervous  system,  effect  of  minerals  on, 
411,  536 

in  vitamin  deficiency,  29  ,  55-57  ,  60-63, 
68,  70,  72-73,  74,  75,  104,  545-546, 
556,  561,  576 

Neurospora,  276,  383,  386,  560 
“New  yellow  enzyme,”  301,  302 
Nickel,  241,  275,  427,  429,  448,  474 
effect  in  cobalt  deficiency,  458-459 
in  tissues,  459 

Nicotinamide,  329,  330,  332,  333,  334,  337 
552 

in  coenzymes,  525,  559 
in  mitochondria,  15 

Nicotinamide  mononucleotide,  234  288 
289,  333,  337 

Nicotinamide  ribosides,  8,  337 
Nicotinic  acid  (Niacin),  73,  173  179  191 
193,  195  >  >  . 

absorption  of,  559 

deficiency,  structural  changes  in,  69-71 
functions  of,  559-560 
in  germ-free  animals,  130,  131 
in  nutritional  deficiency,  76,  457-458 


localization  of,  30 
relation  to  vitamin  A,  57 
requirement,  560-561 
synthesis  of,  520,  559-560,  564 
Nicotinyl-L-tryptophanamide,  252 
Nitrate,  149,  262 
Nitrite,  321 
Nitrogen,  balance,  421 
excretion  of,  154-155,  278-279 
requirements  of  Tetrahymena,  175-177 
Nitrogen  oxidases,  287 
Nitroprusside  test,  391 
Norleucine,  386 

Notatin,  347,  see  also  Glucose  Oxidase 
Nuclei,  enzymes  in,  7-8,  12,  13-14 
isolation  of,  13 
vitamins  and,  29,  101-102 
Nucleic  acids,  271,  371 
depolymerization  of,  266-270 
in  cell  fractions,  220 
molecular  weight,  267-268 
requirement  for  173,  182-185,  191 
synthesis,  76 
Nucleolus,  8 

Nucleophilic  site,  of  acetylcholinester¬ 
ase,  248 

Nucleoproteins,  266,  268,  411,  413,  567, 
569,  572 

in  cell  fractions,  220 
in  scurvy,  80 
Nucleosidases,  271 
Nucleoside  phosphorylase,  8,  271 
Nucleosides,  266 
deamination  of,  277 
phosphorolysis  of,  282-283 
Nucleotidases,  271 

Nucleotide  pyrophosphatase,  304,  333 
372 

Nucleotides,  266,  279,  371,  413 
deamination  of,  277 
sequence  in  nucleic  acids,  268 
Nutrition,  caloric  balance  in,  514-515 
early  history  of,  506-510 

O 

Obesity,  516,  529 
Octapeptide,  257 
Octanoic  acid,  218 
Octanoic  acid  oxidase,  15 
Octopine,  275 

“Old  yellow  enzyme,”  301-302,  304  336 
347 
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Oleic  acid,  173,  177,  192,  194,  529 
Oligosaccharides,  266 
Omasum,  microorganisms  in,  129,  135 
xylan  fermentation  in,  144 
Oncorhynchus  tschawatscha,  278-279 
Opalina,  19 
Opsin,  545 

Ornithine,  176,  190,  275 
conversion  to  arginine,  274 
in  feces,  155-156 
Ornithine  decarboxylase,  385 
Orotic  acid,  184 

Orthophosphate,  254,  280,  370,  379 
Osmotrophs,  273 
Ossein,  94 
Osteoblasts,  419 
Osteoclasts,  57,  419 
Osteomalacia,  420,  424,  539,  550 
Osteoporosis,  421,  538 
causes,  424-425 

effect  of  sex  hormones  on,  422 
Ovary,  540 

in  vitamin  deficiency,  52,  65-66,  579 
Oxalacetic  acid,  16,  147,  376 
formation  in  tricarboxylic  acid  cycle, 
209 

in  fatty  acid  oxidation,  218 
oxidation,  in  microsomes,  16 
Oxalacetic  decarboxylase,  397 
Oxalacetic  oxidase,  15 
Oxalic  acid,  254,  417,  538,  579 
Oxalosuccinic  acid,  299 
Oxidases,  459-460 
Oxidation,  aerobic,  site  of,  16-17 
electron  transport  in,  286-287 
Oxygen,  309,  313,  340,  345 
activation,  310 

consumption,  in  vitamin  E  deficiency, 
102,  105 

reaction  with  enzymes,  301,  302,  303, 
308,  314,  347 
Oxypurines,  276 
Oxythiamine,  362 

P 

Paget’s  disease,  422 
Palmitic  acid,  10,  529 
Palorus  ratzeburgi,  192,  193 
Pancreas,  448 

Pantothenic  acid,  (Pantothen),  15,  29, 
173,  179,  191,  193,  210,  329,  330,  370, 
514,  552 


deficiency,  74r-76 

in  coenzyme  A,  371,  525,  564-565 
in  germ-free  animals,  130,  131 
requirement  for,  565 
Papain,  255,  256,  257 
Paramecium^  184-185,  186 
Parathyroid  glands,  539 
in  mineral  metabolism,  413,  418-420 
538 

vitamin  D  and,  99,  548 
“Pasteur  effect,”  208,  229 
Pectic  acid,  144-145 
Pectinase,  273 
Pectins,  144-145 

Pellagra,  69,  506,  509,  520,  561-562 
Penicillin,  188,  390 
effect  in  pernicious  anemia,  157 
growth  stimulation  by,  158-159 
Penicillin  B,  see  Glucose  Oxidase 
Penicillin  chrysogenum,  273 
Pentasaccharide,  259 
Pentosans,  139,  143-144 
Pentoses,  341 
phosphorylation  of,  353 
synthesis  of,  296 
Pentose-1, 5-diphosphates,  358 
Pentose  nucleic  acid,  see  Ribonucleic 
Acid 

Pentose  phosphate,  297 
Pentose  phosphate  isomerase,  296 
Pepsin,  13,  252 
activation  energy  of,  242-243 
effect  on  microorganisms,  149 
on  pepsinogen,  243 
in  iron  absorption,  400,  541 
specificity  of,  250-251 
Pepsinogen,  243,  250 
Peptidases,  253-254,  273-274,  371 
activation  of,  253-254,  275 
in  protein  synthesis,  255 
intracellular,  252 
reactions  of,  232 

Peptide  bond,  formation,  223-224,  227, 
254-255 
Peptides,  518 
amides,  257 
cyclic,  243 
Peptones,  250 
Permanganate,  319 
Perosis,  465 

Peroxidases,  310,  321-322,  347,  398,  541 
localization  in  cells,  4 
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prosthetic  group  of,  321 
substrates  of,  321 

pH,  see  Hydrogen  Ion  Concentration 
Phagocytosis,  68 
Phagotrophs,  273 
Phallusia,  263 
Phenobarbitones,  4 
Phenol,  154 
Phenol  oxidases,  324 
Phenylalanine,  170, 176, 190,  192,  250,  252, 
517 

in  transamination,  386 
inhibition  by,  239,  254 
in  human  nutrition,  520 
peptides,  251 

p-Phenylenediamine,  2,  317 
Phenylhydrazine,  402 
Phosphamidase,  9 
Phosphatases,  269,  271,  368 
acid,  8,  9-10,  13,62,  240 
alkaline,  3,  5,  62,  89,  97,  99,  106,  294 
classification  of,  279,  280 
coenzymes  and,  212,  291,  369 
in  absorption,  281 
intestinal,  371 
in  transfer  reactions,  8,  232 
localization  in  cells,  5-10,  13,  16 
of  bone,  97,  281,  414 
pH  optima,  241 
reactions  of,  233 
reversibility  of,  280 
substrates  of,  225,  279 
trace  elements  and,  460,  462-463,  467, 
473,  474,  497-498 

vitamins  and,  62,  80,  89,  95,  99,  424, 
548,  550,  580 

Phosphate,  175,  233,  332,  376,  377 
effect  on  enzymes,  231-232,  240,  276 
energy  rich,  294,  351 
in  coenzymes,  329,  371 
in  ferritin,  406 

inorganic,  15,  206,  211,  214,  240,  269, 
272,281,297,298,367 
in  blood,  413 
Pasteur  effect  and,  229 
in  phosphorolysis,  283 
uptake  of,  212 
minerals  and,  400  ,  502,  541 
of  sugars,  233,  279 
Phosphate  esters,  classification,  202 
“energy-rich,”  201-203 
Phosphate  transport,  338,  348-355 


at  high  energy  level,  350-352 
coenzymes  of,  331 
in  biosynthetic  reactions,  353-355 
low-energy  level,  352-353,  356 
Phosphatides,  411 
Phosphoarginine,  352 
Phosphocreatine,  352,  see  also  Creatine 
Phosphate 

Phosphoenol  pyruvate,  351,  353 
Phosphoglucokinase,  359 
Phosphoglucomutase,  356,  358,  388 
6-Phosphogluconic  acid,  287,  350 
Phosphogluconic  dehydrogenase,  296-297 
3-Phosphoglyceraldehyde,  205-207,  212, 
213,  214,  351 

Phosphoglyceraldehyde  dehydrogenase, 
mode  of  action,  297 
sensitivity  of,  207 

2- Phosphoglyceric  acid,  356 

3- Phosphoglyceric  acid,  206,  353,  356 
2,3-Phosphoglyceric  acid,  356,  358 
Phosphogyceromutase,  356,  358 
Phosphoglyceryl  phosphate,  351 
Phosphokinase,  281 
Phospholipases,  249  250 
Phospholipids,  8-9,  249,  370,  413,  521 , 527, 

528,  529,  530,  565,  566 
formation,  18,  227,  380 
in  atherosclerosis,  531 
Phosphomutases,  355-356 
4'-Phosphopantethine,  372 
Phosphoproteins,  411 
effect  of  fluorine  on,  497 
synthesis,  in  mitochondria,  18 
Phosphopyruvic  acid,  281 
Phosphorolysis,  283 
Phosphorus,  103,  521,  533 
absorption  of,  415-418 
distribution,  411-412 
excretion  of,  156,  418,  539 
function  of,  411,  539 
in  blood,  413 
in  bone,  96,  413-414 
requirement,  423-424,  539 
Phosphorylases,  262,  263 
cofactor  of,  244,  355 
localization  of,  12 
reactions  of,  233 
substrates  of,  282-283 
synthesis  by,  283 
Phosphorylation,  527 
energy  of,  212-213 
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in  absorption,  539 
in  biosynthetic  reactions,  224,  228 
on  carrier  level,  21&-218 
on  substrate  level,  213-215,  523 
oxidative,  211-213,  218-223,  228 
Phosphoryl  chloride,  383 
Phosphotransacetylase,  206-207,  225,  226, 
374,  375,  376,  377,  378,  380 
Phosphotranspropionylase,  380 
2'-3'-Phosphotriesters,  267 
Photoluminescence,  204 
Phrynoderma,  107 
Phytic  acid,  279,  538 
effect  on  mineral  absorption,  400-401, 
415-416,  541 
Pieris  brassicae,  195 
Pigment,  103-105 
Pimelic  acid,  192 

Pituitary  gland,  524,  525,  526,  540 
bromine  in,  492 

in  vitamin  deficiency,  64,  66,  102 
Placenta,  54 

Plasmodium,  nutrition  of,  173-174 
Pleurotricha,  187 
Plodia  inter punctella,  194 
P/0  ratio,  in  oxidations,  213-214,  216,  218 
measurement  of,  212 
Polycythemia,  402,  448-449,  454-455 
Polygalacturonidase,  273 
Polyglycine,  251 
Poly-L-lysine,  252 
hydrol3^sis  of,  250,  251 
Pol^'mixin  D,  158 
Poljmeuritis,  61-62,  79 
Polyoxyethylene  sorbitan  monolaurate, 
see  Tweens 
Pol^'peptides,  517 
hydrolysis  of,  250 
in  protein  sjmthesis,  228 
Polyphenol  oxidases,  322-324,  440 
Polysaccharides,  272,  341 
depolymerization,  257-264 
in  amylose  synthesis,  284 
of  microorganisms,  136,  137,  143,  151 
phosphorylases  of,  282 
synthesis,  389 

Porphyrins,  75,  312,  399,  430-431 
in  enzymes,  310 
sjmthesis  of,  381 

Potassium,  175,  207,  521,  533,  534,  535 
deficiency,  60,  501,  537 
effect  of  excess,  537 


functions  of,  536-537 
localization  of,  536 
requirement  for,  536 
Potato  pol^'phenol  oxidase,  323 
Pregnancy,  518 
anemia  in,  408,  409,  575 
blood-iodine  in,  480-481 
mineral  requirement  in,  423,  437 
vitamins  and,  95-96,  564,  567 
Prekeratin,  443 
Procarbox3rpeptidase,  244 
Progesterone,  422,  579 
Prolidase,  253 
Prolinase,  253 
Proline,  170,  176-177,  190 
Propionic  acid,  144,  149,  296,  457 
in  digestive  system,  142,  143,  146-147 
of  heme,  403 

transphosphorjdation  of,  380 
Propionic  acid  bacteria,  146-147 
Propyl-thiouracil,  488 
Proteinases,  250-253 
in  Chaos  chaos,  21 
in  protein  s3mthesis,  255 
reactions  of,  232 
specificity  of,  250 

Proteins,  205,  272,  455,  507,  508,  514,  519, 
535,  538,  539 
caloric  3'ield  of,  510 
deficiency,  515,  522-523 
effect  on  fat  digestion,  147,  246 
on  mineral  absorption,  417,  541 
half-life  of,  519 
hydrol3'sis  of,  250-253,  254 
metabolism,  518-519 
nutrition,  516-523 
“putrefaction”  of,  153 
requirement,  517-518 
S3mthetis  of,  18,  76,  227-229,  254-257, 
353,  354 

utilization  of,  147-148,  154 
Proteoses,  250 
Prothrombin,  551-552 
Protogen,  377,  see  also.  Acetate  Factor, 
a-Lipoic  Acid,  Pj'ruvate  Oxidation 
Factor,  Thioctic  Acid,  377 
Protohematin,  165,  310,  321 
Protohemin,  314 
Protoporphyrin,  312,  319 
as  growth  factor,  165 
s3mthesis  of,  404 
Protozoa,  cellulase  in,  263 
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definition,  163-164 

in  ruminant  nutrition,  132-133,  150-151 
in  termite  nutrition,  134 
Pseudocholinesterase,  248 
Pseudomonase  fluorescens,  291,  294-296 
Pteridin,  342 
Pterines,  29,  278 

Pteroylglutamic  acid,  178,  180,  184,  see 
also  Folic  Acid 

Pteroylpolyglutamates,  180,  567 
Ptinus  tectus,  192,  193 
Purine  nucleosides,  283,  334 
Purine  nucleotides,  270 
Purines,  171,  266,  267,  279 
catabolism  of,  276,  307,  309 
deamination  of,  276-277 
in  coenzymes,  329 
in  urea  formation,  276 
synthesis  of,  183,  567-568 
vitamins  and,  344,  569 
Purpuragallin,  321 
Pyramine,  553 
j3-D-pyranose,  309 
Pyridine,  216-217 

Pyridine  nucleotides,  345,  368,  559,  563 
see  also  Diphosphopyridine  and 
Triphosphopyridine  Nucleotides 
assay  of,  335 
distribution  of,  334-335 
electron  transfer  between,  291-292 
in  phosphate  transport,  338 
interconversion  of,  290-291,  332-333 
mechanism  of  action,  33&-338 
oxidation  of,  300-301,  302 
protein  binding  of,  293-294 
reactions  catalyzed  by,  338-339 
stability  of,  334 

Pyridine  nucleotide  dehydrogenases, 
294-299 

Pyridine  proteins,  288-299 
Pyridine-3-sulfonic  acid  71 
Pyridone,  217 

Pyridoxal,  179,  381,  382,  562 
Pyndoxal  phosphate,  179,  331,  563 
assay  of,  383 

coenzymatic  reactions  of,  381-387,  563 
in  tryptophan  metabolism,  383,  386 
mechanism  of  action,  384-385 
structure  of,  383-384 
Pyridoxal -3-phosphate  acetal,  384 
Pyridoxamine,  179,  381,  382,  562-563 


Pyridoxamine  phosphate,  384,  563 
4-Pyridoxic  acid,  563, 564 
Pyridoxine,  15,  107,  173,  179,  191,  192, 
193,  195,  382,  458,  552,  562 
deficiency,  71-73,  405,  563-564 
effect  of  autoclaving  on,  382 
on  iron  utilization,  401 
functions  of,  563 
in  coenzymes,  525 

relation  to  other  vitamins,  57,  520,  564 
requirement  for,  381,  564 
Pyrimidines,  171,  178,  266,  267,  553,  568 
amino  groups  of,  362 
as  growth  requirement,  168,  172,  183- 
184 

in  coenzymes,  329 
in  vitamins,  342,  360 
Pyrimidine  nucleosides,  283 
Pyrimidine  nucleotides,  269,  270 
Pyrogallol,  321 
Pyrophosphatase,  388 
Pyrophosphate,  202,  254,  279,  379 
in  activity  of  carboxylase,  362 
transfer  of,  354 
Pyrophosphorylase,  233 
Pyruvate  kinase,  350 
Pyruvate  oxidation  factor,  298,  331,359, 
368,  393-396,  see  also  Acetate  Fac¬ 
tor,  a-Lipoic  Acid,  Protogen,  Thi- 
octic  Acid 

Pyruvic  acid,  16,  17,  18,  19,  174,  177,  218, 
293,  296,  306,  350,  351,  364,  369,  377, 
383,  386,  387,  515,  521-522,  524 
conversion  to  glucose,  353 
degradation  of,  208,  212-213,  221,  359, 
360,  365,  366,  394,  395,  396 
formation,  16 

in  acetylcoenzyme  A  formation,  225, 
375,  376-377 

in  propionic  acid  formation,  147 
in  thiamine  deficiency,  59,  60,  179,  525, 
554,  555 

reduction,  339-340 
Pyruvic  dehydrogenase,  298 
Pyruvic  oxidase,  365-366,  367,  377  395- 
396 

Q 

Quinolinic  acid,  520,  560,  562 
o-Quinone,  324 
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Raffinose,  265 
Reactions,  coupled,  200 
energy  change  in,  199-200 
Redox  systems,  200-201 
Refection,  152 
R  enzyme,  262-263,  283 
Reproductive  organs,  463 
in  vitamin  deficiency,  50-54,  65-66,  71, 
95-96,  562,  569 
Resins,  371 
Resonance,  202-203 
Respiration,  copper  in,  440-441 
electron  transport  in,  286-287 
terminal,  pathways  of,  208-210 
Respiratory  system,  46 
Reticulum,  129 
Retina,  49-50 
Retinene,  24  ,  545 
Rhabditis,  187-189 
Rhodoflavin,  28 
Rhodopsin,  24,  545 

Riboflavin,  173,  179,  191,  193,  195,  329, 
341,  345,  552 
absorption,  556-557 
spectrum,  299,  343-344 
deficiency,  66-69,  558-559 
fluoresence  of,  29 
functions  of,  558 
in  coenzymes,  346,  525 
in  germ-free  animals,  130 
in  tissues,  346,  557 
irradiation  of,  343,  556 
localization  in  cells,  15,  28-29 
requirement,  557 

Riboflavin  phosphate,  217,  234,  558 
Ribonuclease,  in  vitamin  E  deficiency, 
106 

products  of  action,  268-270 
Ribonucleic  acid,  16, 18 
composition  of,  266 
hydrolysis  of,  8,  9,  266,  268-269 
Ribose,  171,  267,  271,  332,  371 
Ribose-l-phosphate,  283 
Ribose-5-phosphate,  296,  333 
Ribulose-5-phosphate,  296 
Rickets,  539,  see  also  Vitamin  D,  Defi¬ 
ciency 

calcium  and  phosphorus  in,  96,  420,  509 
symptoms  of,  424 
Rubidium,  427 


Rumen,  microorganisms  in,  129,  132-133 
135,  140 

starch  digestion  in,  142 
xylan  fermentation  in,  144 

S 

Saccharomyces  fragilis,  387,  390 
Salts,  inorganic,  175,  507,  508 
“Saltsick,”  441 

Sarcodina,  nutrition  of,  172-173 
Sarcosine,  307 
Sarcosomes,  4,  18 
Saxostrea  commercialis ,  282 
Scleroprotein,  53 
“Scours,”  442 
Scurvy,  506,  509,  520 
early  descriptions  of,  77 
experimental,  general  effects,  79-80, 
580 

Selenium,  429,  499  ,  500 
Selenomonas,  151 
Serine,  170,  176,  190,  387,  568 
availability  of  isomers,  190 
in  feces,  155-156 
in  tryptophan  synthesis,  383,  386 
Serine  deaminase,  397 
Serum,  as  growth  requirement,  167-168, 
171-172,  173 

iron-binding  capacity  of,  405 
phosphate,  419 

Siderophillin,  399,  402,  404-405,  542 
Silicon,  427 

distribution  in  body,  503-504 
excretion  of,  504 
Silvanus  surinamensis,  192, 193 
Silver,  427 
Silver  nitrate,  25 
Sitosterol,  193 
Skatol,  154 

Skin,  in  iron  excretion,  402-403 
in  nutritional  deficiency,  46,  66-67,  69- 
70,71,73,74,86-89,  107 
in  water  balance,  534 
Slater’s  factor,  305-306,  318 
Soaps,  effect  on  lipases,  246 
fecal,  in  disease,  156 
Sodium,  521,  533 
functions  of,  535 

Sodium  chloride,  deficiency  symptoms, 
535-536 

excretion  of,  535 

in  vitamin  E  deficiency,  102-103 
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Sodium  hydrosulfite,  299,  336,  345 
Sorbitan,  177 

Specific  dynamic  action,  507 
allowance  for,  510 
in  ruminant,  129-130 
Spermatozoa,  517 
in  vitamin  deficiency,  51,  65,  101 
nuclei  of,  13 
Sphingomyelins,  249 
Spirographis  spallanzanii,  317 
Spleen,  47-48 

Sporozoa,  nutrition  of,  173-174 
Sprue,  526,  527,  544,  567,  570,  575 
calcium  absorption  in,  416 
dietary  losses  in,  156 
intestinal  flora  in,  157 
symptoms,  424 
Staphylococcus  aureus,  390 
Starch,  18,  177,  194 
as  growth  requirement,  173 
composition  of,  257-258 
digestion  of,  142,  156 
effect  on  intestinal  microorganisms, 
135,  136,  142-143,  152 
hydrolysis  of,  259 
in  urea  utilization,  150 
phosphorolysis  of,  282 
synthesis,  233,  284 
Starvation,  515-516 
Stearic  acid,  hexitan  esters  of,  10 
in  phospholipid  synthesis,  380 
Steatitis,  105 

Steatorrhea,  156,  416,  526,  527,  544,  551 
570 

Stegobium  (Sitodrepa)  paniceum,  192,  193 
Steroid  hormones,  422-423  ,  524  ,  529  ,  539 
Sterols,  370 

as  growth  factor,  169-170,  192-193 
synthesis  of,  353,  381 
Strepogenin,  170 
Streptococcus  bovis,  143 
Streptococcus  cremoris,  394 
Streptococcus  faecalis,  134,  376,  383 
flavoproteins  of,  347 
requirement  for  pyruvate  oxidation 
factor,  394 

Streptomyces  griseus,  571 
Streptomycin,  158,  188,  560 
Strigomonas,  164-165,  168,  186 
Strontium,  421,  427 
Stylonychia,  187 

Succinic  acid,  214,  215,  219,  314,  330,  379 


formation,  147,  379 
in  methane  formation,  149 
oxidation  of,  211,  213,  215,  217,  317 
Succinic  acid  decarboxylase,  397 
Succinic  dehydrogenase,  5,  17,  18,  313, 
317-318,  559 

effect  of  selenium  on,  500 
localization  of,  3-4,  13,  14,  15,  21 
Succinodehydrase,  497 
Succinoxidase,  219,  220,  317,  330 
Sucrose,  177,  266 
hydrolysis  of,  265 
in  cell  fractionation,  14,  220 
Sucrose  phosphorylase,  206,  282,  283 
Sulfanilamide,  acetylation  of,  370,  374, 
376,  377 

in  coenzyme  A  assay,  373 
succinylation  of,  215,  379 
Sulfarsphenamine,  500 
Sulfate,  175 

Sulfhydryl  linkages,  207 
Sulfite,  360-361 
Sulfur,  533 

effect  on  urea  utilization,  150 
oxidation  of,  204 
Sulfur  oxidases,  287 
Supernatant  fraction,  16 
“Swayback,”  441 

Sweat,  in  vitamin  A  deficiency,  46 
in  water  balance,  534 
iron  excretion  in,  402  403 

T 

Takadiastase,  260 
“Teart”,  446 

Teeth,  in  vitamin  deficiency,  80-81,  99, 
578 

Tenebrio  moUtor,  192,  193 
Teredo,  263 
Termites,  134,  263 
Terramycin,  157-158 
Testes,  in  nutritional  deficiency,  51-52, 
65,  70,  101-102,  107 
Testosterone,  422,  538 
effect  in  biotin  deficiency,  74 
effect  on  mineral  metabolism,  421 
Tetany,  424,  539 
Tetrabromothyronine,  477,  493 
Tetrachlorothyronine,  477,  493 
Tetraethyl  pyrophosphate,  248 
Tetrahymena,  164,  190 
carbon  metabolism  of,  177-178 


638 


SUBJECT  INDEX 


nutrition  of,  175-184,  178-185,  186 
protogen  requirement  of,  393-394 
Thiamine,  173,  191,  193,  195,  329,  362, 
458,  469,  522,  526,  552,  561 
absorption  of,  553 
deficiency,  59-66,  555-556 
effect  on  tissue  cultures,  61 
excretion  of,  553 
functions  of,  554-555 
in  coenzymes,  525 
localization  of,  15,  29 
naturally  occurring  forms  of,  369 
requirement,  160,  168,  172,  177-178, 
179,  554-555 

Thiamine  disulfide,  361,  363,  369,  553 
Thiamine  monophosphate,  360,  362,  369- 
370,  553 

Thiamine  pyrophosphatase,  9 
Thiamine  pyrophosphate,  29,  179,  298. 
330,  331,  396,  553 
as  coenzyme,  359-370,  554 
assay  of,  368-369 
in  pyruvic  oxidase,  367 
mechanism  of  action,  361-365 
structure  and  chemistry,  360 
sulfhydryl  form,  361,  363 
Thiaminokinase,  369-370 
Thiazole,  178,  553 
as  growth  requirement,  168,  172 
in  thiamine,  360 

Thiobacillus  thiooxidans ,  adenosine  tri¬ 
phosphate  in,  349 
energy-gaining  reactions  in,  204 
Thiochrome,  368,  553 
Thioctic  acid,  179,  191,  394,  see  also 
Acetate  Factor,  a-Lipoic  Acid, 
Protogen,  Pyruvate  Oxidation  fac¬ 
tor 

chemistry  of,  394-395 
requirement,  180-182 
Thiocyanate,  488,  516 
Thioesters  linkage,  396 
Thioether  linkage,  312 
/3-Thioethylamine,  226,  363,  see  also  /3- 
Mercaptoethylamine 
Thiouracil,  421,  488 

Threonine,  155-156,  170,  176,  192,  386,  517 
Threonine  deaminase,  397 
Threonine  isopropyl  ester,  256 
Thymidine,  184,  283,  572 
Thymine,  184,  266,  567-568 
Thymus,  48,  72 


Thyroglobulin,  478,  540 
Thyroid  gland,  524,  526,  539 
in  vitamin  deficiency,  64,  99,  106 
minerals  and,  421,  478-479,  49^493.  498 
Thyronine,  476 

Thyroxine,  475, 476-477, 478-479, 481-482, 
484,  486,  540 
Tin,  427 
Tineola,  194 
Tissue  culture, 
effect 

of  nicotinic  acid  analogues  on,  71 
of  vitamin  C  on,  93,  94 
Tissues,  in  vitamin  deficiency,  72,  83-92, 
99 

Titanium,  427 

Tobacco  mosaic  virus,  254,  268 
a-Tocopherol,  194,  566,  see  also  Vitamin 
E 

Tokophrya  infusionum,  nutrition  of,  185 
Trace  elements,  427-430 
Transacetylase,  283,  298 
Transacetylation,  370 
Transaminase,  15,  244,  382-384 
Transamination,  381,  385-386,  563 
Transferrin,  see  Siderophillin 
Transglucosidase,  260,  266,  272,  see  also 
Sucrose  Phosphorylase 
Trans-N-glycosidase,  271 
Transglycosidation,  283 
Transhydrogenation,  292 
Transmethylation,  567 
Transpeptidation,  256-257.  392 
in  protein  synthesis,  228 
pH  optima  of,  257 
Transphosphorylation,  281 
Triacetin,  246 
Triato7na,  165 

Tribolium  confusum,  192,  193 
Tributyrin,  246 

Tricarboxylic  acid  cycle,  15,  208,  514,  519, 
524,  529,  554 

function  in  mitochondria,  18,  220 
in  fatty  acid  oxidation,  218-219 
localization  of,  16 

oxidative  phosphorylation  in,  210-211 
Trichloroacetic  acid,  311,  343 
Trichomastix,  170,  186 
Trichomonadidae,  nutrition  of,  168-172 
Trichomonas,  169,  170-171,  186 
Triglycerides,  245,  249,  272,  274,  527 
lipase  and,  245 
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Trimethylamine  oxide,  as  “labile 
meth3d”  donor,  279 
excretion  of,  278-279,  565 
Triose,  207 
Triose  phosphate,  3 
formation  from  pentose,  297 
in  carbohj'drate  synthesis,  229 
Triose  phosphate  dehydrogenase,  292- 
293,  294,  335 

diphosphopj'ridine  nucleotide  in,  339 
dissociation  of,  328,  329 
Tripeptidases,  253 

Triphosphopyridine  nucleotide,  8,  16, 
216  ,  287  ,  292-293  ,  303  ,  323  ,  330, 
341,  347,  350,  372,  377,  559-560 
absorption  spectra  of,  289-290 
desamino,  292 
in  coupled  reactions,  340 
in  dehj'drogenation,  294  ,  299 
isolation  of,  334 

reaction,  with  enzymes,  301,  302,  303- 
304 

with  glutathione,  390-391 
structure  of,  289,  332-334 
Triphosphopyridine  nucleotide-cyto¬ 
chrome  reductase,  15,  16,  304-305, 
313 

Tripropionin,  246 
Trypan  blue,  27 

Trypanosoma,  164,  165,  167,  186 
in  growth  of  amoebae,  173 
Trypanosomidae,  nutrition  of,  164-168 
Trypsin,  244,  253 
activation  energy  of,  242-243 
effect  on  chymotrypsinogen,  243-244 
formation  from  trypsinogen,  243 
hydrolysis  of,  254 
in  peptide  formation,  256 
in  transpeptidation,  256 
specificity  of,  251,  252 
Trypsinogen,  activation  of,  243 
hydrolysis  of,  254 

Tryptophan,  170,  176,  190,  191,  192,  252 
381,  517,  562 

decomposition  of,  383,  563,  564 
deficiency,  106 
in  human  nutrition,  520 
in  transamination,  386 
relation  to  vitamins,  68,  103,  179  559 
560-561 

synthesis,  383,  386,  563 
Tryptophanase,  383,  38&-387 


Tryptophan  peroxidase,  322 
Tumors,  582 
osteoporosis  in,  424-425 
vitamin  A  in,  22 
Turacin,  430 

Tw'eens,  as  substrates  for  lipases,  246 
hydrolysis  of,  10 

in  grow'th  of  Tetrahyniena,  177-178 
Tyrosinases,  copper  in,  322,  443 
mammalian,  325 

Tyrosine,  176,  190,  248,  250,  252,  323,  324, 
325,  383,  517,  571,  577-578 
decarboxylation  of,  382 
in  human  nutrition,  520 
in  transamination,  386 
Tyrosine  decarboxylase,  383,  385 

U 

Ulcers,  in  vitamin  deficiency,  63-64,  74-75 
Unidentified  factors,  185-186,  195 
Uracil,  182,  184,  185,  266,  271 
Urea,  148,  177,  245,  277,  518 
biosynthesis  of,  228,  274-275,  463,  563 
hydrolysis  of,  276 
in  nitrogen  excretion,  278,  279 
utilization  of,  144,  150 
Urease,  distribution,  276 
inhibition  of,  276 
kinetics  of,  234 
specificity  of,  245 
Uric  acid,  182 
formation  of,  277 
in  nitrogen  excretion,  278,  279 
in  zinc  deficiency,  474 
Uricase,  7,  277 
localization  of,  13,  15 
zinc  in,  473,  474 
Uridine,  283 

Uridine  diphosphate,  389 
Uridine  diphosphate  N-acetylglucosam- 
inuronic  acid,  390 
Lridine  diphosphate  galactose,  389 
Uridine  diphosphate  glucose,  331 
as  coenzyme,  387-390 
assay,  390 
functions,  389-390 
mechanism  of  action,  389 
structure  and  chemistry,  388  389 
Uridine  nucleosidase,  271 
Uridine-5-phosphate,  388 
Uridine  triphosphate,  389 
Urine,  in  water  balance,  534 
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mineral  excretion  in,  402  418,  445,  452, 
484,  539,  540,  542 

vitamin  excretion  in,  545,  563,  567,  574, 
577  . 

Urobilin,  571,  572 
Urogenital  system,  50-54 
Urushiol,  324 

V 

Valeric  acid,  147 
Valine,  170,  176,  192,  517 
in  feces,  155  156 
in  transamination  386 
V ellionella  gazogens,  146 
Velocity,  effect  of  enzyme  concentration 
on,  240-241 

effect  of  inhibitors  on,  239-240 
of  enzymatic  reactions,  235-238 
Verdoperoxidases,  322 
L-5-Vinyl-2-thiooxazolidone,  antithy¬ 
roid  activity  of,  487-488 
Viruses,  220 
Visual  purple,  50 
Vitamin  A,  89,  247 
absorption  of,  544 
deficiency,  44-59,  545,  546-547 
derivatives,  59 

effect  on  embryonic  development,  50, 
54-55 

on  tissue  cultures,  44 
fluorescence  of,  23-24 
function  of,  24 

in  tissues,  23,  24,  55-57,  58,  545 
localization  in  cells,  21-24 
relation  to  estrogenic  hormone,  54 
requirement,  547-548 
sources  of,  544 
storage  of,  544-545 

Vitamin  Bt,  193-194,  see  also  Carnitine 
Vitamin  Bi,  see  Thiamine 
Vitamin  Be,  329,  330,  457-458,  see  also 
pyridoxine 

Vitamin  B,2,  76,  158,  176,  179,  330,  449, 
544,  552,  565,  568 
deficiency,  571-572 
forms  of,  571 
functions  of,  571-575 
in  feces,  457,  574 
in  germ-free  animals,  131 
in  human  nutrition,  521,  530 
production  by  intestinal  flora,  157 
relation  to  cobalt  nutrition,  454-455 


relation  to  other  vitamins,  569,  570,  578 
requirement,  158,  160 
Vitamin  C,  538,  see  also  Ascorbic  Acid 
deficiency,  77-83,  see  also  Scurvy 
effect  on  calcification,  94-95 
on  collagen,  92-94 
on  wound  healing,  83-92 
functions  of,  28,  577-579 
in  blood,  576-577 
in  germ-free  animals,  131 
localization  of,  20,  24-28 
Vitamin  D,  78,  193 
absorption  of,  548 
assay,  98 

deficiency,  96-100,  424,  549-550,  see  also 
Rickets 

effect  on  bone  cells,  420-421 
on  calcium  metabolism,  414, 416, 420- 
421,  538,  548 
on  pH,  416 

on  phosphate  metabolism,  413,  416, 
420-421,  548 
loss  in  feces,  417 
requirement,  548-549 
Vitamin  D2,  16,  548,  see  also  Calciferol 
Vitamin  D3,  529 
Vitamin  E,  52,  54,  65 
deficiency,  100-106 
in  human  nutrition,  550 
Vitamin  K,  30 
absorption  of,  550-551 
deficiency,  552 
functions  of,  551-552 
requirement,  550-551 
Vitamins,  514,  515 
destruction  in  intestine,  153 
effect  of  antibiotics  on,  157-158 
localization  in  cells,  21-30 
recognition  of,  508,  509 
requirement  for,  178-185,  191-192,  193- 
194,  194-195 

synthesis  in  intestine,  131,  153 
Vitamins  B,  89,  171 
effect  on  cobalt  deficiency,  458 
in  coenzymes,  329 
in  food  enrichment,  525 
in  growth  of  amoebae,  173 

W 

Water,  as  factor  in  biosynthesis,  223-224 
effect  on  enzymatic  reactions,  231 
requirement  for,  533-535 
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Wernicke’s  disease,  63 
Wool,  in  copper  deficiency,  442,  443 
Worms,  575 
nutrition  of,  187-189 

■  X 

Xanthine,  182,  277 
Xanthine  oxidase,  347,  559 
absorption  spectrum  of,  343 
antibiotic  activity  of,  309 
coenzyme  of,  307-308 
substrates  of,  307 
Xanthomatosis,  531 
Xanthurenic  acid,  563,  564 
Xerophthalmia,  45-46,  48-49,  546 
Xylan,  143 
Xylose,  144 


Y 

“Yellow  enzymes,”  341,  556,  see  also 
Flavoprotein  enzymes 

Z 

Zea  mays,  258 

Zein,  148,  520 

Z  enzyme,  261 

Zinc,  175,  427,  428,  429,  439,  497,  533 
deficiency,  472-474 
dietary  requirement  for,  467,  475 
distribution  in  body,  467-470 
excretion  of,  474-475 
in  leukemias,  470 

Zwischenferment,  296,  323,  350,  see  also 
Glucose-6-Pho8phate  Dehydrogen¬ 
ase 

Zymogen  granules,  11 
association  with  mitochondria,  18-19 

Zymogens,  activation  of,  243-244 

Zymohexase,  see  Aldolase 
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